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ABSTRACT
THE STUDY OR REACTIVE THERMOPLASTIC OLIGOMER
MODIFIED EPOXY-AMINE RESIN SYSTEMS
FEBRUARY 1992
GREGGORY S. BENNETT, B.S., UNIVERSITY OF WISCONSIN
M.S., UNIVERSITY OF MASSACHUSETTS
Ph.D., UNIVERSITY OF MASSACHUSETTS
Directed by: Professor Richard J. Farris
A series of reactive poly(aryl ether ketone) oligomers of controlled
molecular weight, based on substituted hydroquinones and 4,4'-
difluorobenzophenone, have been synthesized and incorporated into commercial
high performance epoxy-amine resin systems. The thermal and spectroscopic
characteristics of the oligomers as a function of chemical structure and molecular
weight have been evaluated. The oligomers are initially miscible in the epoxy-
amine mixtures but are observed to phase separate during the curing process.
Two phases, a thermoplastic-rich phase and a thermoset-rich phase have been
identified. Four distinct morphologies; a thermoset-rich continuous phase with
thermoplastic-rich inclusions, a thermoplastic-rich and thermoset-rich mixed
continuous phase, a thermoplastic-rich continuous phase with thermoset-rich
inclusions, and a single phase system have been observed.
The morphology/property/processing relationship has been studied as a
function of oligomer loading level, oligomer chemical structure, oligomer
ix
molecular weight, and curing temperature. The final thermal and mechanical
properties were shown to be dependant on the phase separated morphology.
Resins with thermoplastic-like toughness and thermoset-like processing
characteristics have been attained when a thermoplastic-rich continuous phase is
achieved. Composite and adhesive characteristics have also been measured.
The synthesis and characterization of novel thermotropic liquid crystalline
poly(aryl ether ketone)s is also presented. A series of copolymers based on a
4,4'-biphenol mesogen and a crystal disrupting substituted hydroquinone have
been synthesized. Copolymers containing between 50% and 75% biphenol were
found to possess liquid crystalline characteristics. These materials are believed to
be the first thermotropic liquid crystalline poly(aryl ether ketone)s reported to
date.
x
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CHAPTER I
HIGH PERFORMANCE POLYMERS
Introduction
The ever increasing need for easily processable materials that can withstand
thermal and chemical extremes has influenced the development of polymers 16 . The
aerospace and electronics industries, where precision performance is demanded, have
created a very diverse market for specialized polymers. The electronics industry uses
polymers in circuit boards as insulators and requires materials with low dielectric
constants and high glass transition temperatures. The need for strong, lightweight
structures in the aerospace industry, where the strength to weight ratio of a vehicle's
components is a strong function of its overall performance and efficiency, uses
polymers possessing properties that allow for the replacement of conventional metal
parts.
Polymers possessing many of the properties described above are known as
high performance polymers and ideally possess; a high glass transition temperature
(>135°C), large fracture energy, processability, solvent resistance, large modulus (>2
GPa), and good adhesion to various substrates (adhesive applications) or fibrous
reinforcements (composites). Two general classes of high performance polymers
exist, thermosets and thermoplastics. Each system has inherent advantages and
disadvantages associated with it for high performance applications. Because a basic
understanding of the parameters that influence and affect these polymers is necessary
before improved materials can be developed and understood, the following sections
briefly discuss each system and its relevance to high performance applications. The
reviews are followed by the most current efforts of industry and academia to improve
2and modify high performance polymers. Finally, the objective of this doctoral
dissertation is presented and the contents of each chapter briefly discussed.
Thermosets
Thermosetting resins have traditionally been the most widely used and
studied materials for high performance composite and adhesive applications 2
. The
fabrication of these systems consists of reacting multi-functional monomeric
components to form a crosslinked network. Several different types of thermosetting
systems have been used for high performance applications including; epoxy/amine
resins7
,
bismaleimides 8
,
polycyanates 9
,
and thermosetting polyimides 10 - 11 .
Thermosets, based on epoxide technology, have been extensively studied and are the
most common thermosets used in industrial applications 12
.
Accordingly, they are an
important component in the research to be presented herein.
Epoxide-based monomers are normally low viscosity liquids or mixtures
containing viscosity reducing diluents and are soluble with a variety of multi-
functional curing agents. The curing agents for high performance applications are
generally primary or secondary aromatic amines. The low viscosity of epoxy/amine
resin systems allows them to be processed at temperatures usually less than 100°C
At this processing temperature these materials can be cast into intricate molds, used
to impregnate fibrous reinforcements, or applied to adhesive applications. These
materials are thermally cured and result in a crosslinked network structure. The
curing process and the final network structure of thermosetting systems can be
modified and controlled through the addition of various catalysts
1316
,
by varying the
stoichiometry of the system 17
,
by altering the molecular weight between crosslinks of
the epoxy-functionalized prepolymer 18 , or the extent of cure. Resulting aromatic
epoxy-based resins have a high glass transition temperature, Tg , a high modulus,
and
3good adhesive characteristics. However, the largest drawback to epoxy-based
materials is that they are inherently brittle. The high degree of crosslinking
necessary to achieve a high glass transition temperature results in a network that does
not possess enough energy absorbing molecular motions to alleviate applied stresses.
In addition to being inherendy brittle, epoxy-based thermosets are also quite sensitive
to permeant exposure. For example, thermosets typically absorb between 1% and
7% by weight water, a plasticizer, resulting that lower moduli, glass transition
temperatures, and stress concentrations 19'29
.
A large research effort has focused on methods to improve the low fracture
energy and solvent sensitivity of epoxy/amine resin systems. These materials have
been shown to react to near completion via the amine-oxirane reaction, without side
reactions, when no catalyst and standard curing conditions are used 15,16 . Catalysts
have been shown to induce alternate reaction mechanisms that vary the network
structure, the effective stoichiometry of the system, the molecular weight between
crosslinks, and its chemical nature. Attempts to improve the toughness of
epoxy/amine resins will first be discussed and related to efforts involved with
understanding and varying the network structure. As discussed previously, there are
many different ways to alter the morphology of thermosetting systems. While the
resulting thermal and mechanical properties of these variations have been studied, the
exact nature of the final network structure is still unknown.
Thermoset network homogeneity, or the lack thereof, has long been a subject
of controversy as experiments from etching, swelling, and Tg measurements have led
to contradictory results 3
1
>32 .' Wu et al. have conducted a series of small angle neutron
scattering studies on epoxy networks based on the common diglycidyl ether of
bisphenol A, (DGEBA), and various diamines33'37 . They have found that prominent
peaks in the neutron scattering- data exist which is evidence for heterogeneous
networks33 . Further work has shown that density fluctuations in these networks
4(possibly caused by air bubbles, impurities, or frozen-in thermal fluctuations) are
negligible but that both topological and chemical fluctuations exist34 -38
. Through the
use of various models they have shown that the topological fluctuations of these
networks may be represented as combinations of ideal thermoset networks and non-
ideal networks, analogous to the crystalline and amorphous regions present in semi-
crystalline materials. They have also studied systems where diamines of different
molecular weights are reacted stoichiometrically with a diepoxide35
. The multiple
peaks in the scattering curves are modelled and related to alternating block
copolymer structures. They have shown that the reaction rates of the two diamine
species are different and postulate that small scale segregation of the partially reacted
low and high molecular weight diamine curing agents occurs and that this can result,
at further extents of reaction, in structures similar to an alternating type system 36 . To
further support this concept these researchers have also examined the chain growth
process of a DGEBA resin cured with a tetra-functional and hexa-functional curing
agent and have found that the scattering phenomena of the tetra-functional system
can be modelled as a linear chain growth formation, while the hexa-functional
system appears to grow in clusters 37 . The evidence of the linear growth mechanism
is consistent with the alternating network structure model.
The above evidence of heterogeneity in epoxy network structures may be
important in determining the physical properties of the network. Despite the large
amount of data available on the elastic properties of epoxy/amine systems there is not
a coherent relationship between crosslink density and the glassy-state elastic
properties for different families of epoxy resins. In some cases these properties are
reported to decrease with crosslink density 18 -39 -40 , in others they have been found to
be independent 19 , and yet others they have been reported to increase
41
.
The glassy-
state elastic properties are, in general, understood to be dependent on cohesive
energy, which is in turn a strong function of specific interactions in a given system,
5rather than network structure and crosslink density42 44
. A summation of literature
findings indicate that the elastic properties, including the toughness of highly
crosslinked neat high performance epoxy/amine resin systems, have been found to
vary relatively insignificantly as a function of network structure.
While the change in the mechanical properties of epoxy/amine crosslinked
thermosets as a function of the network architecture are not well understood, and not
greatly affected, the change in the glass transition temperature has been shown to be
highly dependent on the crosslink density45 48 . The higher the degree of crosslink
density the higher the glass transition temperature. Using this principle, epoxy resins
have been synthesized with different functionalities, different molecular weights
between crosslinks, and reacted with many different amines, also possessing multiple
functionalities, to yield materials with glass transition temperatures ranging from
sub-ambient to greater than 300°C. It is this ability to easily achieve high glass
temperatures, and hence high use temperatures, that have made epoxies the material
of choice for high performance applications.
The chemical and network structure are also important parameters for
determining the solvent sensitivity of thermosetting resins. The effect of water
absorption on resin properties is very important for practical applications and has
been the most studied. Results in the literature are mostly in agreement that the
primary factor determining the degree of moisture uptake is the number of specific
hydrophilic absorption sites ( OH, NH2 , NH, S02 , oxirane,...) present within the
matrix, per unit volume20 -22 -25 . The ability of these absorption sites to hydrogen bond
with the penetrating water molecules has been shown to influence both mechanical
properties and diffusion characteristics20 -21 •23 -25
-28
-
30
.
The bound molecules appear to
act as plasticizers and lower the modulus and glass transition temperature of the
matrix. The unbound molecules, on the other hand, do not appear to adversely affect
the mechanical properties and are, upon heating, apparently mobile enough to escape
6and not influence the glass transition temperature of high performance resins. The
effect of free or unoccupied volume does not appear to be a major factor in the
solvent absorption process.
A summation of epoxy-based thermoset literature indicates that research
involving network alterations of highly crosslinked high performance epoxy/amine
systems have shown that while the thermal behavior of these materials can be
dramatically changed the glassy-state elastic modulus and fracture toughness
characteristics are not significantly altered. In addition, the solvent sensitivity of
epoxy/amine systems is also not appreciably affected by network crosslink density,
but rather it has been shown to be a strong function of the number of specific
interaction sites available for hydrogen bonding. Because brittleness and solvent
sensitivity are inherent problems in conventional epoxy/amine resins, alternative
epoxy/amine systems have been developed to circumvent or minimize these effects49 "
52 and will be discussed in forthcoming sections.
Thermoplastics
The other general type of high performance polymers are based on aromatic
thermoplastics. These polymers are inherently much more ductile than highly
crosslinked thermosetting systems and the semi-crystalline materials are nearly
impervious to a wide range of permeants53 . In addition to excellent resin properties,
aromatic thermoplastic- based composites also exhibit excellent mechanical properties
5 53 62
when adequate adhesion between the fiber and the matrix is achieved . A
complete review of these polymers is beyond the limits of this overview; however,
the general characteristics of these materials and the more popular systems will be
discussed.
7The ability to alleviate applied stresses through molecular motions on a time
scale consistent with the loading rate is widely assumed to be the most important
parameter in attaining tough polymers. Thermoplastics, by definition, are not
crosslinked and have more segmental mobility than thermosets. The extra mobility
associated with thermoplastics results in fracture energies orders of magnitude
greater than thermosets53 57 61
. The large degrees of toughness that can be achieved in
these materials has, not surprisingly, made them of great interest in the field of high
performance polymers35,56 .
The solvent absorption characteristics of thermoplastics are also quite
different than that of thermosets 2". As explained in the previous section, the
absorption of polar permeants like water is determined by the number of specific
interaction sites available within the matrix. Most high performance aromatic
thermoplastics have been synthesized specifically to contain few hydrophilic
moieties. In addition to the lack of hydrophilic bonding sites, these systems can also
be made semi-crystalline and nearly insoluble63 -64 .
The flexibility of the thermoplastic main chain is the primary factor
determining the glass transition temperature. Through the use of different chemical
linkages, the degree of freedom of the polymer backbone can be altered and the chain
stiffness varied, resulting in modified glass transition temperatures. The type of
linkages, as well as the presence or absence of side groups, also determines the
ability of the polymer to fold and form crystalline domains. The wide array of
typical synthetic organic variables has led to many different thermoplastic resins with
properties tailored to meet specific needs65
"69
.
Poly(ether ether ketone), (PEEK), and poly(ether ketone ketone), (PEKK),
are two of the most widely used aromatic thermoplastics for high performance
applications53 -54 -63 65 . The most important aspect of these materials is their semi-
crystallinity. The crystallinity imparts extreme solvent resistance to these matrix
8resins affording them excellent hygrothermal properties. They are also two of the
toughest engineering thermoplastics with a fracture energies of about 3000 J/m2 and
a glass transition temperature of about 145°C. Poly(ether sulphones) are also
important engineering thermoplastics65
. These materials possess glass transition
temperatures in excess of 220°C and lower processing viscosities than most other
engineering thermoplastics. However, the sulphone linkage in the backbone makes
this material more susceptible to water absorption than other engineering
thermoplastics. Poly(ether imide)s are another common engineering
thermoplastic70,71
.
They have glass transition temperatures generally greater than
220°C and are quite moisture resistant. Polyimides are very important engineering
thermoplastics for electronic applications72 . These materials can possess T
g
s in
excess of 600°C and have very low dielectric constants.
While engineering thermoplastics possess different combinations of important
high performance requirements including; excellent toughness, solvent resistance,
and thermal stability, they suffer from equally important drawbacks such as
processability55 -56 -60 , time effects53 -73 , and poor adhesion 5 -57 -58 . Because all of these
materials are thermoplastics they have high molecular weights and inherently large
processing viscosities. Typical processing viscosities are in the range of 104 - 107
Poise60 . In addition, due to their high T
g
s and/or high melting points, these polymers
must be processed at temperatures approaching 400°C, about the limit of
conventional thermal processing technology, or by solvent-based techniques. After
processing, aromatic thermoplastic resin impregnated fibrous tapes, prepregs, cooled
to room temperature for subsequent fabrication into composite parts are well below
their respective glass transition temperatures. Therefore, at room temperature these
materials have no tack and drape, an adhesive and compliant quality, and cannot be
processed by conventional room temperature composite fabrication methods. The
lack of tack and drape makes the fabrication of intricate composite structures much
9more labor intensive and as the ability to design desired engineering properties into
composites increases the need for processability is imperative.
Adhesion to fibrous reinforcements is another important drawback associated
with engineering thermoplastics. Extremely high processing viscosities makes the
effective wetting of fibrous reinforcements difficult, and combined with the
inherently low surface energy of engineering thermoplastics, adhesion between the
fiber and the matrix is reduced. Adequate adhesion between the fiber and the matrix
is a very important parameter in composite structures because, in order to effectively
transfer an applied load throughout a composite, the fiber and the matrix must
interact through their interface. Poor adhesion results in interfacial failure and the
formation of local stress concentrations which can lead to catastrophic composite
failure.
The final inherent disadvantage associated with all thermoplastic systems are
time effects. Both viscoelastic effects and physical aging can make the properties of
the matrix time dependent and result in anomalous behaviour. Because
thermoplastics are not chemically bound networks, applied loads, especially at
elevated temperatures, can cause creep. The use of high performance polymers in
load bearing applications requires that the viscoelastic properties be adequately
understood for each thermoplastic system before any long term uses are attempted.
While a large number of high performance engineering thermoplastics are
available that possess extremely high fracture energies, excellent solvent resistance,
and a wide range of thermal properties, they may all be considered as difficult to
process, time dependent materials, that often do not exhibit adequate adhesion to
fibrous reinforcements. Previously, the merits and drawbacks of thermosetting
systems were discussed. The next section will outline efforts to combine the
toughness and solvent resistance of thermoplastics with the processability, adhesive
nature, and temporal stability of thermosets into unique hybrid materials.
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Thermonlastic/Thermoset Hybrid m^pm^
The concept of combining thermoplastics and thermosets is not new.
McGarry and coworkers first added carboxyl-terminated poly(butadiene
acrylonitrile) liquid rubbers to epoxy resins in an attempt to improve their energy
absorbing characteristics nearly 25 years ago74 -75
. Since that time much research has
focused on incorporating both rubbery and glassy thermoplastics into thermosetting
systems to achieve novel materials. This section will focus on the main efforts to
combine thermoplastics and thermosets into hybrid materials that will possess the
toughness and solvent resistance of thermoplastics and the processability and
adhesive nature of thermosets.
As has been previously stated, the fracture energy of brittle epoxy/amine
resins has been improved through the incorporation of functionalized thermoplastic
74 76
rubbers into thermoset matrices " . The elastomers are initially miscible with the
epoxy and phase separate during the epoxy/amine curing process to form a discrete
second phase. Toughening of various epoxy/amine networks has been observed
77
using several reactive rubbers including; modified poly(n-butyl acrylate)
,
carboxyl
78 79
and hydroxyl terminated poly(butadienes) , amine-terminated siloxanes , carboxyl-
terminated poly(butadiene acrylonitrile) copolymers, (CTBN), of varying number
80
average molecular weight, Mn , and acrylonitrile content , and liquid CTBN and
81
solid rubber mixtures .
The mechanism by which rubber incorporation improves the fracture energy
of the modified systems is still not well understood. The fracture behavior appears to
82-
be the result of several interacting mechanisms including, localized shear yielding
8584
,
rubber particle cavitation
82 "84
,
debonding and tearing of rubber particles , and
11
crazing
.
The most widely accepted theory holds that the rubber modified epoxy
networks exhibit increased toughness as a result of energy dissipating deformations
occurring in the material near the vicinity of the crack tip. The deformation
processes, for well bonded systems, are interactive and are believed to consist of a
localized cavitation of the rubber and/or rubber/matrix interface, combined with
localized plastic shear yielding of the epoxy network at areas of stress concentration
near the particle's equator ahead of the crack tip where stresses are large enough to
82
induce these mechanisms
. Attempts to model and predict the failure requirements
have been limited to specific systems and the results often have little physical
83 86 88
significance 1 "
. In general, rubber toughening appears to be effective in
improving fracture energies when the rubber is chemically bound to the epoxy
matrix, phase separates into a distinct and dispersed included phase, and is above its
characteristic glass transition temperature.
While rubber toughening of epoxy systems is an effective method to increase
the fracture energy, the incorporation of rubber into the matrix results in reduced
bulk properties. Typically, the modulus of the modified resin is lowered (as can be
predicted from composite theory when a rubbery inclusion is added to a glassy
matrix) and the glass transition temperature of the bulk resin is reduced as a result of
incomplete phase separation of the rubber from the epoxy matrix phase . The extent
to which the bulk properties are affected has been shown to be a strong function of
the curing conditions
90
. The improvements associated with rubber toughening are
lower in tightly crosslinked high performance epoxy resins than in moderately
89
crosslinked epoxy resins that have lower glass transition temperatures . This is
believed to be caused by the inability of the rubbery second phase to induce the
energy absorbing shear yielding mechanisms in the highly crosslinked matrix. The
reduction of this energy absorbing process in highly crosslinked resins results in
12
systems that are not toughened as effectively as equivalent materials possessing a
lower crosslink density.
Another drawback associated with rubber toughening is that the relative
improvements in the rubber toughened neat resins do not translate to comparably
tougher composites and adhesives91
"93
. This result is generally attributed to the
microstructural alterations associated with fiber incorporation and adhesive bond
thickness restrictions. The mechanisms by which the rubber particles are able to
induce energy absorbing motions within the matrix are hindered and the toughening
associated with the neat resin can no longer be fully achieved. The mechanism by
which rubber toughening works is also a matter of concern in fatigue testing.
Because rubber toughening occurs when the rubber inclusion cavitates and causes the
matrix to yield after an adequate load has been applied, after the load has been
alleviated, the matrix now contains a voided region where the rubber has cavitated
and this same rubber particle that alleviated the applied load is now no longer
effective. This implies that upon cyclical loading to stresses that cause cavitation of
the rubber more and more voids will be formed as the toughening mechanism
activates for each cycle, and fewer and fewer toughening particles will be present in
the matrix after each loading. Therefore, the long term stability of these rubber
toughened systems remains in question.
Researchers at Shell and 3M are utilizing the advantages of rubber
toughening through different techniques in new epoxy/amine high performance resin
systems49 52 . Shell has recently developed an epoxy/amine resin system with a very
high glass transition temperature so that when using a stoichiometric excess of
amine, to create a less tightly bound matrix necessary for effective rubber
toughening, the glass transition temperature is still high enough for high performance
applications51 -52 . 3M has taken a different approach to attaining lightly crosslinked
epoxy/amine matrices with high glass transition temperatures by incorporating a
13
tricyclic hydrocarbon moiety, fluorene, into the backbone of their thermosetting
resins49 -50
.
This large moiety hinders segmental motion so much that large molecular
weight between crosslinks can be achieved and the matrix effectively rubber
toughened, while maintaining a high glass transition temperature.
Another series of thermoplastic/thermoset materials have also recently been
investigated. These systems consist of incorporating engineering thermoplastics into
high performance thermosetting resins. The incorporation of these tough, high glass
transition temperature, solvent resistant materials with high moduli into epoxy/amine
systems alleviates the softening and T
g
-lowering phenomena associated with adding
a rubbery second phase. The research into engineering thermoplastic/thermoset
systems can be further subdivided into the blending of engineering thermoplastics
with thermosets and the incorporation of reactive aromatic thermoplastic oligomers
into thermosetting networks.
The initial work in the area of incorporating engineering thermoplastics with
high performance thermosets was done by Bucknall et al. who found that the
engineering thermoplastic poly(ether sulphone), (PES), was soluble in Afunctional
and tetrafunctional epoxies94
.
They observed that PES appeared to be miscible with
the tetrafunctional resin after curing, but that it phase separated from the Afunctional
epoxy system. Incorporation of up to 40 phr of PES did not appear to increase the
resin system fracture toughness.
Much subsequent work has been done in the area of blending aromatic
engineering thermoplastics that are initially soluble with epoxy-based thermosetting
systems. These efforts have included the incorporation of poly(ether imide)
95
,
polyethylene oxide)96
,
phenolphthalein poly(ether ether ketone)97 , and other work
involving poly(ether sulphone)98101 , and poly(ether sulphone) derivatives
102 107
.
The
effect of adding engineering thermoplastics as toughening agents to epoxy systems
varies. Three morphologically distinct phases have been identified; thermoplastic-
14
rich inclusions in an epoxy-rich matrix, mixed continuous phases, and the inverted
thermoplastic-rich continuous phase with epoxy-rich inclusions. The most
commonly observed morphology is the thermoplastic-rich phase included in the
epoxy matrix95 - 106
,
while the co-continuous 102" 105 and phase inverted95 -98 -100- 102
systems are generally only seen at higher loading levels of the aromatic
thermoplastic.
Most of the research in this area has focused on poly(ether sulphone) and its
derivatives. The toughest polymer blends have been achieved when the material has
a co-continuous morphology 102105
. At loading levels above and below the co-
continuous structure, the fracture energy was found to be lower102 . This technology
is being used by Imperial Chemical Industries and Fiberite Corporation to produce
toughened epoxy materials for high performance applications 102 105 . They have also
managed to control the morphology of the system by altering the composition of the
aromatic thermoplastic and appear to have induced co-continuous morphologies at
loading levels ranging from 15 to 40 percent by weight102 . It is believed that the co-
continuous structure activates different toughening mechanisms that absorb more
energy and impart greater ductility to the network.
The use of commercial engineering thermoplastics as thermoset blend
components, as discussed above, does not allow the researcher to control the
molecular weight or the functionality of the thermoplastic end group. Nearly all of
the above blends had to be solvent processed because of the high viscosity imparted
to the epoxy by the aromatic thermoplastic. The absence of reactive thermoplastic
end groups is also attributed to the lack of toughening seen in many of the modified
systems because poor adhesion between the matrix and the inclusions resulted in
failure before any toughening could occur95 -99 .
The use of reactive aromatic thermoplastic oligomers is another technique to
incorporate the advantageous properties of aromatic thermoplastics into
15
thermosetting systems. The molecular weight, reactive end group, and chemical
composition of the aromatic thermoplastic can be tailored by the researcher to
incorporate desired properties. Utilizing these variables the processability, degree of
adhesion, and chemical nature of the resin can be controlled. Pioneering work in this
area was carried out by McGrath et al. using phenol-terminated poly(aryl ether
sulphone) to modify a DGEBA resin system 108 . The morphology of these networks
consisted of thermoplastic-rich inclusions within an epoxy-rich matrix and had
dramatically increased fracture energies relative to previous work that had been done
by blending PES into an epoxy network94 . Later developments, by the same
researchers, involved the use of aromatic amine-terminated poly(aryl ether
sulphone)s, and amine-terminated poly(aryl ether ketone)s, systems that react into the
epoxy network without the need of catalysts. 109 - 112 . In all of the poly(aryl ether
sulphone) systems the thermoplastics phase separated into either discrete inclusions
or co-continuous morphologies. A comprehensive overview by these researchers of
their reactive thermoplastic oligomer/thermoset systems would be valuable and allow
for a detailed discussion of processability and phase separation phenomena.
Amine-terminated poly(aryl ether sulphone) reactive oligomers have also
been investigated at Hercules Inc. 113,114 . Using reactive thermoplastic oligomers of
different molecular weights and at different loading levels they have revealed in their
patents the three morphologically distinct phases that were discussed previously in
the thermoplastic/thermoset blend section. These materials are believed to be, in
part, the basis of the tough, high performance thermosets that Hercules has
discussed115 . Researchers at BASF have also investigated amine-terminated
poly(aryl ether sulphone) resin systems and have shown the co-continuous structure
to possess the highest fracture energy 116 . This is the same result that was determined
in the thermoplastic/thermoset blend materials 102 . The reported fracture energies of
the best co-continuous poly(aryl ether sulphone) thermoplastic/thermoset blend
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system was about 1000 J/m2 ]02
,
while the highest fracture energy of the reactive
thermoplastic oligomer poly(aryl ether sulphone) was slightly lower, about 750 J/m2
116
.
These values are comparable considering the test dependent nature of fracture
toughness experiments, and that the exact nature and the molecular weight of the
thermoplastics are not disclosed.
The toughening of thermoset systems with thermoplastic modifiers is not
limited to epoxy/amine resin systems. These techniques have been utilized in nearly
all high performance thermosetting systems including; thermoset polyimides 117 - 118
,
bismaleimides 119
,
and acetylene-terminated aromatic matrices 120 . However, none of
the above research into thermoplastic/thermoset materials has demonstrated the large
discontinuous increase in fracture toughness that has been reproducibly achieved in
our laboratories through the use of amine-terminated poly(aryl ether ketone)s
incorporated into suitable commercial epoxy resin systems 121 . The poly(aryl ether
ketone) modified systems display the three characteristic phase separated
morphologies, and it has been shown that the character of the continuous phase
dominates the thermal, mechanical, and solvent resistance properties of the
matrix 121 - 122 .
The use of thermoplastic/thermoset reactive oligomers and blends is a unique
opportunity to combine the advantageous properties of thermosets; processability,
and temporal stability, with the advantageous properties of thermoplastics; toughness
and solvent resistance, into hybrid materials. The large number of important
variables in these systems including; chemical structure of the oligomer, oligomer
loading level, oligomer molecular weight, epoxy/amine resin, phase separation, and
processing technique, makes these systems very interesting. The need for a better
fundamental understanding of these materials and their commercial potential are the
driving forces for this effort. The next section will detail the research objective and
contents of the dissertation.
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Dissertation Objective and Overvipw
Although a relatively large amount of the published research in the field of
thermoplastic/thermoset polymer systems has been presented at various technical
conferences, an in-depth understanding into the details of these materials has not
followed. One of the main objectives of this research is to develop an understanding
of these systems and determine the variables that most influence their structure-
property relationships. In particular, the research is going to focus on reactive
poly(aryl ether ketone) thermoplastic oligomers based on substituted hydroquinones.
Nearly all of the work in the field of reactive thermoplastic oligomer/thermoset
systems has focused on poly(aryl ether sulphone) derivatives. With the exception of
the work done in our laboratory, no work has been published in the field of
thermoplastic/thermoset systems based on substituted hydroquinone-based poly(aryl
ether ketone)s. Therefore, these systems, where the molecular weight and the side
group of the hydroquinone can be changed, will be the reactive thermoplastic
oligomers for this effort.
Chapter 2 details the synthetic route and subsequent characterization of the
reactive thermoplastic oligomers. The glass transition temperature and degradation
temperature of a wide range of molecular weight oligomers is presented. A special
emphasis into the characterization of the semi-crystalline methylhydroquinone-based
poly(aryl ether ketone) thermoplastic is shown as it may be of interest as a new, low
temperature processable, high performance thermoplastic. A characterization of the
lH N.M.R. spectra is also presented and related to the influence of the side group on
the splitting and shifting of the aromatic protons.
Chapter 3 is the most substantial chapter of the dissertation. It is broken into
four main subsections; experimental, low molecular weight-based reactive
thermoplastic oligomer systems, intermediate molecular weight-based reactive
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thermoplastic oligomer systems, and an example of a high molecular weight-based
reactive thermoplastic oligomer system. The structure/property relationship in these
systems is established and related to their respective morphologies. An emphasis is
placed on the phase separation behaviour and the character of the different phases.
The maintaining of processability and the large degrees of toughness that can be
achieved in these systems is again shown.
Chapter 4 is an in-depth analysis into the gelation/vitrification/phase
separation phenomena that occurs in these materials. The technique of impulse
viscoelasticity is first discussed and then used to determine the gelation and
vitrification characteristics of three different loading level systems. The phase
separated morphologies are characterized by transmission electron microscopy and
the influence of the cure temperature on the phase separation is shown. Differential
scanning calorimetric data is then presented in an attempt to characterize the nature
of the phase separated systems.
Chapter 5 discusses the influence of several parameters important for
composite applications including; adhesive characteristics, the effect of volumetric
constraint, and the influence of carbon fiber incorporation on the phase separated
morphology. The volumetric constraint experiments are initially discussed and the
effect of hydrostatic pressure and tension on these materials is shown. The
morphology of the system is discussed within the context of the observed mechanical
properties.
Chapter 6 details research that was conducted to create a new family of high
performance thermotropic liquid crystalline polymers based on poly(aryl ether
ketone)s. Because easily processed materials are of great interest, and, as was
discussed in the thermoplastic review section the processing temperatures and
viscosities of commercial poly(aryl ether ketone)s are so large, it was decided that
the synthesis of novel thermotropic liquid crystalline poly(aryl ether ketone)s
would
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be of significant interest. These materials could potentially be used as low viscosity
high performance thermoplastics, processing aids, or reinforcing agents in blend
applications. These materials, their thermal properties, and the wide range of
observed smectic liquid crystalline structures are presented. Finally, the conclusions
of this research and ideas for future endeavors are discussed in Chapter 7.
CHAPTER H
REACTIVE POLY(ARYL ETHER KETONE) THERMOPLASTIC
OLIGOMER SYNTHESIS AND CHARACTERIZATION
Introduction
The modification of easily processable, but brittle and solvent sensitive,
thermosets with tough, solvent resistant reactive thermoplastic oligomer engineering
thermoplastics was defined as part of the objective for this dissertation in Chapter 1.
This chapter details the synthesis and characterization of the amine-terminated
poly(aryl ether ketone)s, based on substituted hydroquinones, used for this effort. A
brief review of the techniques that have been used to synthesize poly(aryl ether
ketone)s is first presented. This review is followed by a discussion of efforts
performed elsewhere to synthesize reactive thermoplastic oligomers. Details of the
synthetic routes used in this dissertation to effectively synthesize amine-terminated
poly(aryl ether ketone)s are then shown and is followed by an analysis of the
spectroscopic, thermal, and physical characteristics of the three different systems. A
conclusions section summarizes the important findings of this chapter.
Background
The first reported preparation of a low molecular weight (r| inh= 0.18 dL/g)
poly(aryl ether ketone) was reported by Bonner 123 in 1962. An aromatic electro-
philic substitution polycondensation reaction, Friedel-Crafts acylation, was used in
the reaction of diphenyl ether and isophthalic acid dichloride in nitrobenzene using
aluminum chloride as a catalyst. A schematic of the acid-promoted electrophilic
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condensation route is illustrated in Figure 2.1. Thornton 124 was able to achieve much
higher molecular weight poly(aryl ether ketone)s Cninh= 1.02 - 2.76 dL/g), in similar
systems using an HF/BF3 system where HF was a good solvent for the semi-
crystalline polymers. Later, work by Dahl 125
,
using the same solvent/catalyst system
but different monomers, demonstrated the importance of obtaining inherent
viscosities greater than 0.8 dL/g to achieve tough poly(aryl ether ketone)s.
The other poly(aryl ether ketone) synthetic route is via base-promoted
aromatic nucleophilic substitution as shown below in Figure 2.2. Johnson 126 128 et al.
first attempted this route but encountered premature crystallization from their
solvent, sulpholane, and were not able to attain high molecular weights. This
problem was circumvented by Attwood63 et al. who used the inert, high boiling
solvent, diphenyl sulphone, to synthesize poly(aryl ether ketone)s of high molecular
weight. This process is used commercially by Imperial Chemical Industries to
produce the important and popular engineering thermoplastic poly(ether ether
ketone), (PEEK). Much subsequent work has been done to synthesize poly(aryl ether
ketone)s through various other methods 129 - 132 . The aromatic nucleophilic
substitution route is used to synthesize the reactive poly(aryl ether ketone) oligomers
for this work and is detailed in the next section.
The use of reactive oligomers for macromolecular synthesis has been applied
to a wide variety of applications including high performance polymers74 - 108 - 133
- 141
.
The reactive poly(aryl ether ketone) oligomers used in this effort are modifiers for
commercial high performance epoxy/amine resin systems. These reactive oligomers
are soluble in commercial epoxy resins at processing temperatures below the epoxy
homopolymerization temperature and the instantaneous gelation temperature of the
epoxy/amine system (< 200 °C), possess high glass transition temperatures (>
150°C), have reactive end-groups that can be incorporated into the epoxy/amine
network without the use of a catalyst, are processable without solvents, and are novel
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H +
X = CI or OH
Figure 2.1. Acid-promoted electrophilic condensation poly(aryl ether ketone)
synthetic route.
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Figure-2.2. Base-promoted nucleophilic substitution poly(aryl ether ketone)
synthetic route.
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materials. This unique combination of properties and the fact that these polymers
can result in tough, thermoplastic
-rich continuous phase morphology materials after
incorporation into epoxy/amine resins, as discussed in Chapter 1, is the motivation to
study these reactive oligomers.
Reactive Polvfarvl ether ketone) Oligomer Synthesis
The extremes of high boiling or strongly acidic solvents that must be used to
synthesize crystalline poly(aryl ether ketone)s can be avoided through the synthesis
of amorphous poly(aryl ether ketone)s. An aromatic nucleophilic substitution
technique has been developed that uses the aprotic dipolar solvent, N-methyl-2-
pyrrolidone, (NMP), and toluene, in conjunction with the weak base, potassium
carbonate, K2CO3 142 . This solvent system has the advantage of being high boiling,
125°C - 202°C, hydrolytically stable, and relatively non-toxic and non-corrosive.
The aprotic dipolar NMP also effectively stabilizes the negative charge developed at
the carbonyl activating group in the Meisenheimer complex transition state. The
Meisenheimer complex transition state for the aromatic nucleophilic substitution
mechanism is shown in Figure 2.3. Toluene is an azeotroping agent and its relative
amount allows one to control the reaction temperature. The use of potassium
carbonate as a weak base for the deprotonation of the dihydroxyl monomers is
essential because the use of stronger bases, at these reaction temperatures, can result
in the attack of the hydroxyl ion at the carbonyl linkages leading to polymer
degradation and side-product formation 143 .
The amine-terminated oligomer synthesis is a step-growth polymerization and
can be envisioned as the reaction of (A-A) monomers with (B-B) monomers where A
and B refer to the reactive functional groups of each monomer. The statistical
analysis of step-growth polymerizations that have reacted to completion, assuming
25
o
R = Polymer Chain
Figure 2.3. Meisenheimer complex transition state of base-promoted
poly(aryl ether ketone) synthetic route.
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independence of reaction rate and molecular size, yields a description of the number
average degree of polymerization, Xn , as shown below in Equation 2.1:
y i±IAn_ 1-r
where; X
n = number average degree of polymerization,
r = NA/NB)
NA = number of (A-A) molecules, and
NB = number of (B-B) molecules.
(2.1)
Equation 2.1 implies that if perfect stoichiometry between the monomers (A-A) and
(B-B) is maintained, r = 1, then in principle a polymer chain of infinite molecular
weight should be achieved. (In practice monomer impurity and chain end kinetics of
infinitely high molecular weight molecules prevents this from occurring.) Equation
2.1 also shows that theoretically the molecular weight of the oligomers can be
controlled and predicted by the use of non- stoichiometric monomer ratios. The
number average molecular weight, M
n ,
is defined as the product of the degree of
polymerization, DP, and the molecular weight of the repeat unit, M
r ,
and is shown in
Equation 2.2 below:
Mn = (DP)(Mr) (2.2)
where; M
n
= number average molecular weight,
DP = degree of polymerization (the average number of
repeating units per polymer molecule), and
M
r
= molecular weight of the repeat unit.
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In (A-B) systems, where both step-growth polymerization functionalities are present
on the a single monomer, (A-B), rather than two different monomers (A-A) + (B-B),
one monomer yields one repeat unit and X
n
= DP. For the reaction of (A-A) + (B-B)
systems, where two monomers are required to yield one repeat unit, DP = Xj/2.
Therefore, for (A-A) + (B-B) systems, where X
n is calculated from Equation 2.1, Mn
is defined as shown in Equation 2.3 below:
Mn = (Xn)(Mr)/2 (2.3)
where; M
n
= number average molecular weight,
Xn = number average degree of polymerization, and
M
r
= molecular weight of the repeat unit.
This statistical treatment can also be applied to step-growth polymerizations
involving monofunctional endcapping reagents; (A-A) + (B-B) + (B-C), or
equivalently (A-C). Assuming that the number of (A-A) molecules, NA , equals the
number of (B-B) molecules, NB , Xn is again predicted by Equation 2.1, except r is
now defined as shown below in Equation 2.4:
where; NA = number of (A-A) molecules,
NB = number of (B-B) molecules, and
N'n = number of monofunctional (B-C) molecules.
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The coefficient 2 is the statistical result of the need for twice as many
monofunctional molecules, (B-C), to cause the same stoichiometric imbalance that an
equivalent excess of Afunctional molecules, (B-B), would cause. The functional
groups of the (B-C) endcapping molecule can be designed such that while 'B' is
reactive in the (A-A) + (B-B) step-growth polymerization, and by definition 'C is
not, 'C may be reactive in another environment.
The above reaction scenarios demonstrate that the molecular weight of step-
growth polymerizations can theoretically be predicted and controlled through the
careful addition of either stoichiometrically imbalanced monomers or through the use
of stoichiometrically balanced monomers and an endcapping agent. Applying these
parameters to the objective of amine-terminated poly(aryl ether ketone) reactive
thermoplastic oligomer synthesis suggests two different routes; a one-step reaction
method, and a two-step reaction method as illustrated in Figures 2.4 and 2.5,
respectively. (Note that the (B-C) endcapping agent, 3-aminophenol, possesses a
hydroxyl functionality, *B', which is reactive in the (A-A) + (B-B) synthesis and an
amine functionality, 'C, which while not reactive in the (A-A) + (B-B) synthesis, is
reactive in later epoxy resin modifications.) Each method theoretically results in the
desired amine-terminated reactive thermoplastic oligomers, but the one-step method
offers the advantage of requiring only half the work of the two-step reaction
technique.
The resulting materials shown in Figures 2.4 and 2.5 are very similar in
chemical structure to PEEK in that they possess the 1,4-aryl, ether, ether, ketone
linkages. The only difference is that the substituted hydroquinone monomer, shown
in Figures 2.4 and 2.5, yields an oligomer with a side chain in the backbone. This
side chain is either a phenyl, t-butyl, methyl, or chloro group. The exact chemical
structure and related acronym of each substituted hydroquinone-based oligomer is
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R
p
HO-/ \_OH +
NH
+ HO
C
II
o
NMP/ Toluene
A
K2C03
- H2OT
- C02t
t
H7N
2KF
R = t - butyl, methyl, or phenyl
Figure 2.4. One-step amine-terminated poly(aryl ether ketone) synthetic
route.
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HO OH +
H,N
c
II
o
NMP / Toluene
165 °C/16hre
K2C03
t
NMP / Toluene
165 °C/4hrs
excess F-£^-^-£^-F
- H2OT
n + 2KF
NMP /Toluene
135 °C/4hrs
+ KF
Figure 2.5. Two-step amine-terminated poly(aryl ether ketone) synthetic
route.
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shown in Figure 2.6. The principle purpose of this side group is to disrupt the chain
packing ability of the polymer and promote solubility in commercial epoxies. The
resulting materials are either amorphous or semi-crystalline with lower degrees of
crystallinity than the highly crystalline and virtually insoluble PEEK
. Both the size
of the side group and its random placement at the 2, 3, 5, or 6 positions on the
aromatic ring add enough entropy to the chain to disrupt crystal formation. It will be
shown in Chapter 3 that the nature of this side group is very important in determining
the solubility of the oligomer in commercial epoxy resins.
One-Step Reactive Poly(aryl ether ketone) Oligomer Synthesis
This section details the results of attempts to synthesize amine-terminated
poly(aryl ether ketone) reactive thermoplastic oligomers by the one-step method that
was schematically shown in Figure 2.4. The experimental section details monomer
and solvent purification methods, polymer synthesis, and molecular weight
determination techniques. The results and discussion section is an overview of the
experimental findings and is followed by a conclusions section detailing the rationale
for not using this route for reactive thermoplastic oligomer synthesis.
Experimental
Materials and Methods
4,4'-Difluorobenzophenone, t-butylhydroquinone, methylhydroquinone, 3-
aminophenol, chlorohydroquinone, toluene, and NMP were purchased from Aldrich
Chemical Company in the highest available purity. Anhydrous potassium carbonate,
from Fischer Chemicals, was purchased from the stockroom. 4,4'-Difluoro-
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O
t-Butylhydroquinone-based poly(aryl ether ketone), (tBPK)
O
Phenylhydroquinone-based poly(aryl ether ketone), (PhPK)
O
Methylhydroquinone-based poly(aryl ether ketone), (MePK)
O
Chlorohydroquinone-based poly(aryl ether ketone), (C1PK)
Figure 2.6. Reactive thermoplastic oligomer chemical structures.
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benzophenone, t-butylhydroquinone, methylhydroquinone, 3-aminophenol, and
chlorohydroquinone were all purified by sublimation at temperatures 5-10°C below
their respective melting points under vacuum. The anhydrous potassium carbonate
was ground and then dried at 150°C under vacuum for 24 hours before use. Toluene
was distilled over calcium hydride and stored under nitrogen prior to use. NMP was
distilled over phosphorous pentoxide and stored under nitrogen prior to use.
Methanol was used as received from the stockroom. Distilled water was used as
taken from the distilled water supply in the laboratory.
Elemental analysis data was provided by the Analytical Service Department
of the University of Massachusetts. Fluorine analysis, used to determine number
average molecular weight, was performed using a Schoniger oxidation where the
fluorine is burned in the presence of oxygen in a flask containing a platinum catalyst
and water. The produced fluoride anion, dissolved in the water, was measured with a
fluoride ion selective electrode previously calibrated with known standards.
Differential scanning calorimetry, (DSC), measurements were made using a Perkin-
Elmer DSC-4 or a DuPont Instruments model 2910 differential scanning calorimeter
calibrated with an indium reference standard.
One-Step Reactive Oligomer Synthesis
An example of the technique to synthesize a controlled number average
molecular weight t-butylhydroquinone-based amine-terminated poly(aryl ether
ketone) oligomer, using the one-step reaction technique shown in Figure 2.4 and
applying the statistical equations 2.1, 2.3, and 2.4, is discussed below. The
molecular structure of the repeat unit for the t-butylhydroquinone based poly(aryl
ether ketone) is shown in Figure 2.6. The molecular weight of the repeat unit, Mr, is
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344.41 g/mol. Assuming a degree of polymerization, DP, of 10 (M,***- = 3500)
results in a number average degree of polymerization of, Xn , of 20. Solving for r
from Equation 2. 1 with Xn = 20 results in r = 0.905. Using 3.7935 g (0.0228 moles)
of t-butylhydroquinone as the basis for the reaction and inserting r = 0.905, as
determined above, into Equation 2.4 and solving for N'B (NA = NB = 0.0228 moles)
yields N'B = 0.0012 moles. 0.0012 moles of the endcapping agent, 3-aminophenol
(109.13 g/mol), is equivalent to 0.1 177 g. A stoichiometric amount of 4,4'-
difluorobenzophenone, 0.0228 moles (4.9800 g) is also required.
All of these reagents were very carefully weighed into an aluminum weighing
dishes and added to a four-neck 250 ml reaction flask equipped with a nitrogen inlet,
mechanical stirrer, thermometer, and a Dean-Stark trap fitted with a condenser and
nitrogen outlet. The weighing pan was washed with NMP to insure the complete
transfer of the reactants. A 30% excess of potassium carbonate, 0.0296 moles (4.1 g)
was also added to the reaction vessel. A (1:1) volume ratio of NMP and toluene was
cannulated into the reaction vessel previously purged with dry nitrogen for 2 hours.
A 17.5% monomer concentration was used (50 mis of solvent total). The reaction
was heated to a 135°C reflux temperature for eight hours. The water by-product
appeared to be completely liberated after 3 hours. The reaction mixture was initially
clear, then became greenish, and then finally a very dark green that appears black
until spread on the walls of reaction vessel. This dark color may indicate the
presence of quinone formation.
After the eight hours of reaction the mixture was quickly heated to 170°C by
removing toluene. The polymer was then precipitated into rapidly stirring methanol.
The polymer was then filtered, washed in boiling methanol, filtered, and washed
again in boiling methanol, overnight, to remove any trapped solvents or monomers.
The polymer was again filtered, washed three times with hot water, boiled in water
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for 2 hours to remove any trapped salts, filtered, again washed with methanol and
then vacuum dried for two days at 105°C. A total of 7.1 g, 79.8% yield, was
achieved.
Qne-SteP Reactive Oligomer Synthesis Results and Discussion
The results of three different theoretical number average molecular weight t-
butylhydroquinone-based poly(aryl ether ketone)s, tBPK, three different theoretical
number average molecular weight methylhydroquinone-based poly(aryl ether
ketone)s, MePK, and two different theoretical number average molecular weight
chlorohydroquinone-based poly(aryl ether ketone)s, C1PK, based on the one-step
reactive oligomer synthetic route are discussed below. Tables 2.1 and 2.2 are a
comparison of the theoretically determined number average molecular weights and
the experimentally measured number average molecular weights determined by
fluorine and nitrogen end-group analysis of the amine-terminated t-
butylhydroquinone-based poly(aryl ether ketone)s, ATtBPK, and the amine-
terminated methylhydroquinone-based poly(aryl ether ketone)s, ATMePK. The
experimental Mn is calculated assuming all of the end-groups are either fluorine or
nitrogen as measured by elemental analysis. The fact that fluorine end-groups exist
by this synthetic route is probably indicative that hydroxyl end-groups are also
present. However hydroxyl end-groups, if present, are not easily measured and are
ignored. The tables also list the measured glass transition temperatures of the
respective oligomers (ATMePK Tgs are first heat transitions of the semi-crystalline
state).
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Table 2.1. Results of the one-step ATtBPK synthetic route.
Mn Mn Tg Nitrogen Nitrogen Fluorine Fluorine
Theor. Exptl. (°C) Theor. Exptl. Theor. Exptl.
(wt. %) (wt. %) (wt. %) (wt. %)
1200 5600 152 2.33 0.50 0.00 <0.10
2700 8800 164 1.03 0.20 0.00 0.16
i 1 Af\r\ 172 0.80 0.15 0.00 0.13
Table 2.2. Results of the one-step ATMePK synthetic route.
Mn Mn Tg Nitrogen Nitrogen Fluorine Fluorine
Theor. Exptl. (°C)
Theor. Exptl. Theor. Exptl.
(wt. %) (wt. %) (wt. %) (wt. %)
2500 2100 124 1.12 0.87 0.00 0.64
4400 2800 129 0.63 0.78 0.00 0.33
30,000 4500 0.09 0.52 0.00 0.13
The data of Table 2. 1 indicates that while a range of different molecular
weight ATtBPK oligomers can be synthesized the control of the molecular weight
and the efficiency of the amine termination, ((mole % N)/(mole % N + mole % F)),
is poor. The amine-termination efficiency of the ATMePK oligomers synthesized by
the one-step synthetic route is also poor and a high molecular weight material could
not be achieved. The inability to synthesize controlled molecular weight reactive
oligomers with high percentages of amine termination may be the result of several
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factors. The susceptibility of the carbonyl group to attack by the endcapping amine
functionalities to form ketimines is a strong possibility at these reaction temperatures.
The loss of effective endcapping reagents would cause the molecular weight not to be
effectively controlled. Nucleophilic displacement of fluorine by the amine
functionalities might also be occurring and thereby creating a stoichiometric
imbalance within the system that could result in low molecular weights. Another
possibility is that monomer purity may not be adequate to achieve the stringent
stoichiometric requirements of the one- step synthetic route technique. The inability
to synthesize a high molecular weight ATMePK oligomer may also indicate that this
semi-crystalline material is prematurely precipitating from the reaction mixture.
While none of these possibilities were explored in-depth, it was apparent that the
limitations of this synthetic route eliminated it as an effective method for
synthesizing reactive amine-terminated poly(aryl ether ketone) oligomers.
The synthesis of the amine-terminated chlorohydroquinone-based poly(aryl
ether ketone), ATC1PK, resulted in significant gel fractions, indicative of
crosslinking. It is believed that a fraction of the chloro-groups of the
chlorohydroquinone were displaced by the nucleophilic phenolate ions.
Displacement by the bifunctional reagent subsequently led to the formation of
crosslinked gel fractions. The presence of this competing side reaction, at
temperatures as low as 125°C, indicates that this reactive oligomer cannot be
successfully synthesized by this nucleophilic technique.
One-Step Reactive Oligomer Synthesis Conclusions
The one-step synthetic route achievable through an (A-A) + (B+B) + (B-C)
method gave inconsistent results. The amine-termination efficiency and molecular
weight control of nearly all of the synthesized reactive oligomers was inadequate.
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While the ATtBPK oligomer could be synthesized to varying degrees of number
average molecular weight, the ATMePK oligomer could not be synthesized to
number average molecular weights greater than 5000. The ATC1PK synthesis
resulted in significant gel fractions indicative of crosslinking and could not be
synthesized by the aromatic nucleophilic substitution technique. The inability to
synthesize controlled molecular weight oligomers with adequate degrees of amine-
termination through the one-step synthetic route required another, more effective,
route to be used. The two-step method based on the (A-A) + (B-B) method followed
by a second amine-termination reaction, Figure 2.5, will be discussed in the next
section.
Two-Step Reactive Poly(aryl ether ketone) Oligomer Synthesis
This section details the results of the synthesis of amine-terminated poly(aryl
ether ketone) reactive thermoplastic oligomers by the two-step method that was
schematically shown in Figure 2.5. The experimental section details monomer and
solvent purification methods, polymer synthesis, and molecular weight determination
technique. The results and discussion section is an overview of the experimental
results, and is followed by a conclusions section summarizing the important results of
this synthetic route.
Experimental
Materials and Methods
4,4'-difluorobenzophenone, t-butylhydroquinone, methylhydroquinone, 3-
aminophenol, phenylhydroquinone, toluene, and NMP were purchased from Aldrich
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Chemical Company in the highest available purity. Anhydrous potassium carbonate,
from Fischer Chemicals, was purchased from the stockroom. 4,4'-
difluorobenzophenone, t-butylhydroquinone, methylhydroquinone, and 3-
aminophenol were all purified by sublimation at temperatures 5-10°C below their
respective melting points under vacuum. Phenylhydroquinone was recrystallized
three times from a (70/30) (v/v) toluene/hexane solution. Anhydrous potassium
carbonate was ground and dried at 150°C under vacuum for 24 hours before use.
Toluene was distilled over calcium hydride and stored under nitrogen prior to use.
NMP was distilled over phosphorous pentoxide and stored under nitrogen prior to
use. Methanol was used as received from the stockroom. Distilled water was used as
taken from the distilled water supply in the laboratory.
Elemental analysis data was provided by the Analytical Service Department
of the University of Massachusetts. The analysis methods are described in the
experimental portion of the one-step reactive poly(aryl ether ketone) oligomer
synthesis section above. Differential scanning calorimetry, DSC, measurements were
made using a Perkin-Elmer DSC-4, or a DuPont 2910 DSC, each calibrated with an
indium standard.
Two-Step Reactive Oligomer Synthesis
An example of the technique to synthesize a controlled number average
molecular weight t-butylhydroquinone-based amine-terminated poly(aryl ether
ketone) oligomer using the two-step reaction technique, shown in Figure 2.5 and the
statistical Equations 2.1 and 2.3, is discussed below. The molecular structure of the
repeat unit for the t-butylhydroquinone based poly(aryl ether ketone) is shown in
Figure 2.6, and has repeat unit molecular weight, Mr , of 344.41 g/mol. Desiring a
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M
n of 3000 results in an Xn of 17.42 from Equation 2.3. Solving for r from
Equation 2.1 yields r = 0.891. Because excess M'-difluorobenzophenone is used to
achieve the controlled number average molecular weight r = Nhyd /Ndif (moles of
the hydroquinone monomer divided by the moles of the difluorobenzophenone
monomer). Using 4.9866 g of t-butylhydroquinone (Nhyd = 0.0300 moles) as the
basis for the reaction and applying r = 0.891, requires 0.0337 moles (7.3427 g) of
4,4"
-difluorobenzophenone. A 40% molar excess of potassium carbonate (0.0420
moles, 5.8048 g) was also used.
All of these reagents were very carefully weighed into an aluminum weighing
dish and added to a four-neck 250 ml reaction flask equipped with a nitrogen inlet,
mechanical stirrer, thermometer, and a Dean-Stark trap fitted with a condenser and
nitrogen outlet. The weighing pan was washed with NMP to insure the complete
transfer of the reactants. A (4:1) volume ratio of NMP and toluene was cannulated
into the reaction vessel after it was purged with dry nitrogen for 2 hours. A 10%
monomer concentration was used (100 mis of NMP, 25 mis of toluene). The
reaction was heated to reflux at 160°C for sixteen hours. The water by-product was
collected in the Dean-Stark trap and appeared to be completely liberated after 3-4
hours but the reaction was allowed to continue for 16 hours to insure that the reaction
proceeded to completion. The reaction mixture was initially clear, then became
greenish, and then finally a very dark green that appears black until spread on the
walls of reaction vessel. This dark color could indicate the presence of quinone
formation. (Attempts to impede quinone formation and maintain a clear reaction
mixture using trace amounts of reducing agents, sodium hydrosulfite (Na2HS204 ) or
sodium thiosulfate, (Na2S203) were unsuccessful.) After the 16 hours of reaction, a
large excess of 4,4'-difluorobenzophenone (0.005 mol, 1.0911 g), dissolved in NMP,
was added to the reaction to ensure fluorine endcapping and reacted for an additional
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four hours at the 160°C reflux temperature. Toluene was then quickly (~ 10
minutes) removed quantitatively through the Dean-Stark trap until the reaction
temperature reached 170°C.
The mixture was then cooled to 50°C and precipitated by pouring into rapidly
stirring methanol. The oligomer was isolated by filtration and then boiled in
methanol, filtered, and boiled in methanol overnight to remove any trapped solvents
or monomers. (It was found that if the oligomer was immediately transferred to hot
methanol after filtration that very white powders could be achieved, where as any
delay resulted in off-white powders, apparently caused by residual NMP
contamination.) The polymer was then again filtered, washed three times with hot
water, boiled in water for 2 hours to remove any trapped salts, filtered, washed with
methanol and then vacuum dried for 2 days at 105°C. 1 1.4662 g, 93.0% yield, was
achieved.
In the second step, the fluorine-terminated oligomeric poly(aryl ether ketone)
and a stoichiometric amount of 3-aminophenol were placed into a 250 ml 4-neck
reaction flask equipped as above. Toluene and NMP were added via cannula. The
volume ratio of these two solvents (1:1) is such that a stable reflux temperature of
135°C is obtained. When the reaction temperature reaches 100°C a stoichiometric
amount of oxygen-free 50% potassium hydroxide in water is added via cannula. It is
important to keep the reaction temperature low and add only a stoichiometric amount
of base to prevent attack of the amine at the fluorine end-groups and/or at the
carbonyls. The 135°C reaction temperature is maintained for four hours after which
time all of the water of reaction has been collected. The reaction temperature is then
raised to 170°C by quantitatively removing the toluene. The mixture was then
cooled to 50°C and precipitated into pouring it into rapidly stirring methanol. The
oligomer was isolated by filtration, boiled in methanol, filtered, and boiled in
methanol overnight to remove any trapped solvents or monomers. The polymer was
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then again filtered, washed three times with hot water, boiied in water for 2 hours to
remove any trapped salts, filtered, washed with methanol and then vacuum dried at
for two days at 105°C. A fine white powder, 1 1.0462 g, representing an 89.6%
overall yield was obtained.
The two-step synthetic route was found to be very successful in synthesizing
a wide range of controlled number average molecular weight poly(aryl ether ketone)
oligomers with high percentages of amine termination. Oligomers of varied
molecular weights based on the t-butyl-, phenyl-, and methyl-substituted
hydroquinone monomers were synthesized. The thermal and spectroscopic
properties of these oligomers are the subject of forthcoming sections. Table 2.3 is a
comparison of the theoretically determined number average molecular weights and
the experimentally measured number average molecular weights determined by
fluorine and nitrogen end-group analysis of the ATtBPK oligomers synthesized by
the two step route. The experimental Mn is determined by assuming complete
fluorine end-capping and is measured by elemental analysis after the first step. The
amine-termination efficiency is determined after the second step by again measuring
the amount of fluorine in the system, as well as the nitrogen since it should be
completely displaced by the amine-functionalized endcapping reagent. All of the
reactive oligomers used for the modification of epoxy/amine resin systems had amine
termination efficiencies greater than 80 percent.
The data of Table 2.3 indicate that both molecular weight control and
effective amine-termination can be achieved using the two-step reaction method.
The measurement of the amine-termination efficiency is technique limited. The
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Table 2.3. Results of the two-step ATtBPK synthetic route.
Mn Theoretical
3000
6000
7000
20,000
lower amine-termination efficiencies achieved for the higher molecular weight
reactive oligomers is a consequence of the inability to accurately measure fluorine
concentrations less than 0.10% by weight. The improved control of the molecular
weight of the lower molecular weight oligomers is probably associated with the fact
that the molecular weight determining stoichiometric imbalance is not as sensitive to
monomer impurity, monomer transferring techniques, and/or quinone formation in
the lower molecular weight materials relative to the higher molecular weight
materials. Oligomers based on methylhydroquinone and phenylhydroquinone were
also successfully synthesized and their respective properties are discussed in the next
section. The ability to synthesize oligomers of controlled molecular weight with
fluorine termination and the subsequent effective endcapping with aromatic amine-
functional groups has made the two-step reaction technique the method of choice for
the synthesis of reactive poly(aryl ether ketone) thermoplastic oligomers in this
effort.
Mn Experimental Amine-Term. Glass Transition
Efficiency (%) Temperature (°C)
3100 >92 147
6200 >90 158
8400 >85 165
^
15,200 > 82 176
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TWft-Sten Reactive Oligomer SaifllSSiS Conclusions
Reactive poly(aryl ether ketone) thermoplastic oligomers based on t-
butylhydroquinone, methylhydroquinone, and phenylhydroquinone of controlled
molecular weight and with high percentages of amine-termination were synthesized
using a two-step reaction method. The two-step technique avoids the problems
associated with the one-step reaction method and will be used to synthesize the
reactive oligomers for this research. The next section details the thermal and
spectroscopic characteristics of these different substituted poly(aryl ether ketone)
materials.
Reactive PolWarvl ether ketone) Oligomer Characterization
The above sections discussed the synthetic routes used to attain reactive
poly(aryl ether ketone) oligomers of controlled molecular weight. This section
details the thermal, spectroscopic, and physical characteristics of these materials.
The two-step synthetic route affords materials that can be tested after either the first
step (a fluorine-terminated material) or the second step (an amine-terminated
material). Because the synthesis of amine-terminated reactive thermoplastic
oligomers involves a second reaction and work up procedure, most materials were
tested in their fluorine-terminated state. The only difference between the two
systems should be the functionality of the end-group and the extra 178
g/mol/oligomer associated with the molecular weight of the respective endcapping
agents. The experimental section is first presented, followed by the nuclear magnetic
resonance, (NMR), infrared, (FTIR), and wide angle x-ray scattering, (WAXS),
spectroscopic results. The thermal properties as a function of oligomer molecular
weight and chemical structure are then shown, and a section characterizing the semi-
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crystalline nature of the methylhydroquinone-based poly(aryl ether ketone) is
presented. A brief section on the tensile properties and density of the respective
systems is also presented.
Experimental
A Varian 300 MHz *H Fourier transform NMR spectrometer, using
tetramethyl silane in deuterated chloroform as a reference, was used to measure
proton shifts. An IBM FTIR was used to determine infrared absorbances of oligomer
films cast from chloroform onto NaCl salt blocks. A DuPont 2910 DSC or a Perkin-
Elmer-4 DSC, each calibrated with indium, was used to measure melting
temperatures and/or glass transition temperatures. A DuPont 2950 thermal
gravimetric analyzer, (TGA), thermally calibrated with an aluminum reference, was
used in the presence of air or nitrogen to measure weight loss. Wide angle x-ray
scattering, WAXS, measurements were taken using an x-ray statton camera with a
74.7 mm surface to film distance and outfitted with a 0.20 mm x-ray collimator. A
CuKoc x-ray source with a wavelength of 1.542 A was used. A free-standing, screw-
driven, Instron tensile tester outfitted with a calibrated 10 Kg load cell was used to
measure the tensile properties. A NaBr/water density column at 30°C was used to
measure the densities.
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Reactive Oligomer Spectroscopic Analysis
NMR and FTIR
t-Butylhydroquinone-Based Poly(aryl ether ketone)
The NMR data of tBPK is from a fluorine-terminated 55(X) Mn material. The
'H NMR spectra of the respective monomer components, t-butylhydroquinone and
4,4'-difluorobenzophenone, are shown in Figures 2.7 - 2.9. Figure 2.7 is the 'H
NMR spectrum of t-butylhydroquinone showing the chemical shifts of both the
aliphatic and aromatic protons. The t-butyl protons appear as a singlet at a chemical
shift of 1.38 ppm, the hydroxyl protons appear as singlets located at 4.40 ppm, and
4.48 ppm, respectively. The aromatic protons, discussed in the next figure, are
evident at 6.54 ppm, and 6.77 ppm, and the chloroform peak appears at 7.26 ppm.
Figure 2.8 shows the 'H NMR spectral assignments, and the proton splitting effects
of this monomer in the aromatic region. The H
a
and Hb protons are apparently
unaffected by the presence of the t-butyl group, have a chemical shift of 6.54 ppm,
and appear as a doublet split by only 0.0056 ppm. The H
c
proton is a triplet centered
at 6.778 ppm. Figure 2.9 is the !H NMR spectrum of 4,4'-difluorobenzophenone.
The chemical shifts of this H
a ,
H
a
', Hb , Hb ' system show the protons ortho to the
electron withdrawing ketone group have a chemical shift of 7.8 ppm, compared with
the meta protons which have a chemical shift of 7.2 ppm.
Figure 2.10 is the 'H NMR spectrum of the fluorine-terminated t-butylhydro-
quinone-based poly(aryl ether ketone), tBPK. The t-butyl protons have a chemical
shift of 1.38 ppm, a water peak appears at 1.57 ppm (a known chemical shift), the
chloroform peak is at 7.26 ppm, and aromatic proton peaks appear as singlets at 6.94
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ppm and 7.20 ppm, and doublets at 7.03 ppm, 7.06 ppm and 7.82 ppm, 7.84 ppm.
Expanding the aromatic region, Figure 2.1 1, shows the splitting more clearly. The
spectral assignments of this region are also shown. The H
a protons, ortho to the
electron withdrawing ketone linkage, are believed to be the doublet farthest
downfield at 7.82 ppm, 7.84 ppm. This assignment is in good agreement with the
large downfield shift observed in Figure 2.9, the 4,4
,
-difluorobenzophenone
spectrum. The doublet at 7.03 ppm, 7.06 ppm, is assigned to the H5 protons. The
broad singlet at 6.94 ppm is assigned to the H
c
protons and the broad singlet at 7.20
ppm is assigned to the Hd proton, the relative areas of these two peaks is 2: 1
.
The observation of the H
c protons as a singlet, instead of a doublet as was
observed in the t-butylhydroquinone spectrum, is believed to be a result of line
broadening associated with polymer-based NMR. In the t-butylhydroquinone
spectrum the singlets were separated by only 0.0056 ppm, and a loss of resolution on
this scale can be expected. The observation of the proton downfield from the Hc
protons, and the relative areas of the two peaks are also consistent with the t-
butylhydroquinone spectrum. To further confirm these assignments, the results of
'H - 'H COSY two-dimensional NMR, (2D-NMR), were also analyzed.
The 2D-NMR spectrum of this system is shown in Figure 2.12. The data
show that the doublets strongly correlate with each other and with neither of the
singlets. The 2D-NMR data also shows that the singlet peaks are correlated with
each other and none of the other peaks. The correlation between the two doublets
and the correlation between the two singlets in the 2D-NMR data is indicative of
proton interactions resulting from protons being on the same aromatic ring. The
absence of further splittings in this system indicates that the t-butyl protons are not
interacting with any of the aromatic protons on the main polymer chain.
Figure 2. 13 is the infrared transmittance spectrum of the same tBPK material.
The noteworthy peaks include the aromatic hydrogen stretching at 3100 cm" 1 , the
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Figure 2.12. Fluorine-terminated t-butylhydroquinone-based poly(aryl ether
ketone) aromatic proton region 2D-NMR spectra.
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alkane hydrogen stretching centered near 2900 cm"', the t-butyl group split band at
1380 cm-1, the carbonyl absorption at 1657 cnr* and the aromatic carbon-carbon
stretching at 1599 cm-1. Similar infrared ^^ for^ methylhydro_
quinone and phenylhydroquinone-based poly(aryl ether ketone)s and are shown in
their respective sections. The primary difference in the FTIR spectra of these com-
pounds is the magnitude of the alkane hydrogen stretching near 2900 cnr • with the t
butylhydroquinone-based oligomer having the largest alkane stretch transmittance.
Methylhydroquinone-Based Poly(aryl ether ketone)
The NMR data of MePK is from a fluorine-terminated 12,200 Mn material.
The 'H NMR spectra of both methylhydroquinone-based polymer as well as the
methylhydroquinone monomer are not amenable to complete analysis. This
oligomer is based on the reaction of 4,4'-difluorobenzophenone and methylhydro-
quinone. The ] H NMR spectra of the monomers are shown in Figure 2.9,
(assignments made previously) and Figure 2.14, respectively. The methyl protons of
methylhydroquinone appear at a chemical shift of 2.21 ppm, water is located at 1.59
ppm, the hydroxyl protons appear at 4.36 ppm and 4.38 ppm, the chloroform peak is
at 7.26 ppm, and the aromatic protons have peaks located at; 6.53, 6.54, 6.56, 6.57,
6.62, 6.64, and 6.67 ppm. Figure 2.15 shows the relative intensities of the proton
splittings associated with the aromatic region. The relative area of the peaks
associated with the three protons in this region is equal to the area under the methyl
proton peak. The peaks in the aromatic region have not been assigned.
Figure 2. 16 is the !H NMR spectrum of MePK. The methyl protons appear
as a singlet at 2.21 ppm, and the aromatic protons appear from 6.97 ppm to 7.83
ppm. The peak at 7.26 ppm is the chloroform proton. Figure 2.17 focuses on the
56
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MePK aromatic proton region. The observation of multiplets is in contrast to the
observed singlets and doublets associated with the tBPK spectrum. The multiplet
splittings associated with the H
a protons, centered at 7.81 ppm, indicates that the
methyl protons of the hydroquinone moiety are apparently influencing the H5
protons and subsequently causing multiple splittings of the H
a protons. The exact
positions of the Hb , Hc , Hd , and He protons are not known.
While the exact positions of the aromatic protons are not known precisely the
following hypothesis of the aromatic proton shifts is presented. The 2D-NMR
COSY data of MePK, Figure 2.18, shows that the H
a multiplet correlates as a doublet
with the farthest upfield multiplet, and as a pair of singlets with the other multiplet.
The random placement of a single methyl group on the hydroquinone aromatic
backbone requires that half of the Hb protons are not influenced by this substituent
while the other half are affected. The presence of the doublet and the pair of singlets
correlated with the H
a multiplet is consistent with this conjecture. It is believed that
the doublet at 7.7984 ppm, 7.8271 ppm (peaks # 3, 6) and correlated with the doublet
at 6.9746 ppm, 6.9453 ppm (peaks # 1 1, 13) is associated with the protons unaffected
by the methyl substituent. It is further believed that the presence of the methyl group
affects one Hb proton, Hb ', more strongly than the other H5 proton, H5", creating
independent H5 ' and H5" doublets. These doublets cannot be resolved and appear as
singlets at 7.0723 ppm, and 7.0422 ppm (peaks # 8, 9) respectively. These different
protons result in the further splitting of H
a
into an H
a doublet 7.8448 ppm, 7.8169
ppm (peaks #1,4) and an H
a
" doublet 7.8357 ppm, 7.8169 ppm (peaks # 2, 5) and
are the cause of the pair of strong singlets in the 2D-NMR spectrum. These three
sets of doublets could account for six of the peaks in the multiplet at 7.82 ppm, and
various combinations of these doublets may account for the rest. It is also believed
that the small multiplet from 7.12 ppm to 7.20 ppm is the ortho proton, H
e ,
being
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Figure 2.18. Fluorine-terminated methylhydroquinone-based poly(aryl ether
ketone) aromatic proton region 2D-NMR spectra.
62
split by the methyl group. The positioning of the He proton downfield from the I L.
and Hd protons is consistent with previous tBPK proton assignments. The weak
correlated doublet at (6.95 ppm, 7.00 ppm) is believed to be caused by the
correlation between the meta, H
c ,
doublet and the para, Hd , doublet each of which
cannot be resolved by ID-NMR because of the overlap with the Hb, and Hb ' protons
Analyzing the areas under the 1D-NMR peaks support this hypothesis. Finally, the
weak correlation between peaks 8 and 10, or 11, is believed to be a result of effects
associated with the positioning of the methyl side group and the interaction between
the meta proton, H
c ,
and the least affected, H5", proton.
Figure 2.19 is the infrared transmittance spectrum of the same MePK
material. The noteworthy peaks include the aromatic hydrogen stretching at 3100
cm 1
,
the alkane carbon-hydrogen stretching centered near 2900 cm 1
, the carbonyl
absorption at 1649 enr 1 and the aromatic carbon-carbon stretching at 1599 cm 1 .
This spectrum is, as expected, very similar to the infrared spectrum of the tBPK
material, Figure 2. 13, with the major difference being the intensity of the alkane
carbon-hydrogen stretching. This is caused by the presence of one-third fewer
alkane carbon-hydrogen bonds in the methyl-substituted oligomer relative to the t-
butylhydrociuinone-based material.
Phenylhydroquinone-Based Poly(aryl ether ketone)
The NMR data of PhPK is from a fluorine-terminated 13,600 M n material.
The 'H NMR spectra of both phenylhydroquinone-based polymer, as well as, the
phenylhydroquinone monomer are not easily interpreted. This oligomer is based on
the reaction of 4,4' difluorobenzophenone, the ! H NMR spectrum of this monomer is
shown in Figure 2.9, and phenylhydroquinone. The phenylhydroquinone 'H NMR
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.spectrum is shown in Figure 2.20. The hydroxy! peaks appear a, 4.55 ppm and 4.90
ppm, and the chloroform peak is located a. 7.26 ppm. The aromatic protons of
phenylhydroquinone. Figure 2.21, occur in three different mult.plets; 6.72 ppm -
6.78 ppm, 6.84 ppm
- 6.89 ppm, and 7.35 ppm - 7.52 ppm. The aromatic protons of
this monomer are not assigned, but are shown qualitatively to better understand the
polymer system.
Figure 2.22 is the »H NMR spectrum of PhPK. The aliphatic region shows,
as expected, no evidence of aliphatic protons. Water protons appears at 1.56 ppm,
and the aromatic protons appear from 6.8 ppm - 7.9 ppm. The chemical shifts
associated with the aromatic protons are shown in greater detail in Figure 2.23. The
increased complexity of this spectrum, relative to the tBPK and MePK lH NMR
spectrum, demonstrates the influence of the side group on the proton splittings in
these substituted poly(aryl ether ketone) polymers. The side group, phenyl in this
instance, appears to be causing the H
a protons to split into a multiplet. A variety of
proton splittings arising from proton-proton interactions and electronic ring effects
are most likely the cause of the other multiple splittings. Because of the complexity
of this spectrum no further effort was made to assign the splittings associated with
the aromatic protons.
Figure 2.24 is the infrared transmittance spectrum of the same PhPK material.
The noteworthy peaks include the aromatic hydrogen stretching at 3000 cm" 1
, the
carbonyl absorption at 1655 cnr 1 and the aromatic carbon-carbon stretching at 1599
cm" 1
.
This spectrum is very similar to the previous infrared spectra of tBPK and
MePK, Figures 2.13 and 2.19 respectively, with the major difference being the
absence of the alkane carbon-hydrogen transmittance attributable to the aromatic
nature of the phenyl side group rather than the aliphatic side groups of the previous
polymers.
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WAXS
The wide angle x-ray scattering, WAXS, patterns of the three substituted
hydroquinone-based poly(aryl ether ketone)s showed that only the
methylhydroquinone-based poly(aryl ether ketone) was semi-crystalline. The
diffraction pattern of this material is shown in Figure 2.25. An amorphous scattering
pattern, typical of the t-butyl and phenylhydroquinone-based poly(aryl ether ketone)s
is shown in Figure 2.26.
Several researchers have investigated the diffraction patterns of polymers
based on linear poly(aryl ether ketone)s with various aryl, ether, and ketone
compositions 1 "-'". They have found that these materials possess orthorhombic unit
cells very similar to that of PEEK which has unit cell dimensions of; a = 7.75, b =
5.89, and c = 9.88 A 144
.
These unit cells consist of two phenylene rings joined by
either an ether and a ketone linkage, or two ether linkages.
The d-spacings of MePK were calculated from the WAXS diffraction pattern,
Figure 2.25, and the orthorhombic unit cell parameters were determined using a least
squares fit program. An orthorhombic unit cell with dimensions; a = 8.49, b = 6.26,
and c = 9.94 A was determined. Assuming that the unit cell consists of two
phenylene rings joined by either an ether and ketone linkage, or two ether linkages,
results in an average molecular weight per repeat unit of 201.5 g/mol. A theoretical
density of 1.27 g/cm 3 is the result of knowing the unit cell volume (5.28 x 10"22
cm3 ), the average weight per crystalline repeat unit (3.34 x 10"22 g) and the number
of repeat units per unit cell (2). (The density of a MePK film cast from methylene
chloride was found to be 1.21 g/cm3
.) Table 2.4 lists the measured d-spacings, their
respective assigned Miller indices (h, k, 1), the respective calculated d-spacings
associated with the Miller indices determined from the unit cell and Bragg theory,
and the estimated relative intensities.
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Figure 2.25. Fluorine-terminated methylhydroquinone-based poly(aryl ether
ketone) wide angle x-ray scattering diffraction pattern.
Figure 2.26. Amorphous wide angle x-ray scattering diffraction pattern
representative of t-butylhydroquinone-based poly(aryl ether ketone) and
phenylhydroquinone-based poly(aryl ether ketone).
73
Table 2.4. MePK WAXS Data.
Measured
d-spacing
Relative
Intensity
9.94
5.46
4.97
4.48
4.29
3.53
3.31
2.85
2.81
vw
w
vs
w
s
w
m
w
w
0
0
1
1
2
1
2
1
1
0
1
1
1
0
1
1
2
2
1
1
0
1
0
2
1
0
1
Calculated
d-spacing
9.94
5.30
5.04
4.49
4.25
3.54
3.31
2.94
2.82
The MePK unit cell has a c-axis only slightly larger, and within experimental
error, of the c-axis of PEEK. The largest difference between the unit cells of these
two polymers is in the dimensions of the a and b axes. The MePK a-axis is 9.5%
larger than the corresponding PEEK a-axis while the MePK b-axis is 6.3% larger.
The crystal disrupting methyl group, which is randomly placed into the polymer
backbone, is most likely out of the c-axis plane and in its least hindered position with
respect to the trigonally folding ether linkages. The presence of the methyl group is
most likely the cause of the increased unit cell volume. The amorphous nature of the
t-butyl and phenylhydroquinone-based poly(aryl ether ketone)s indicate that the
bulky t-butyl and phenyl side-groups disrupt the chain folding enough to completely
prevent crystallization.
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Reactive Oligomer Thermal Analysis
DSC
Reactive oligomers of a wide range of molecular weights have been
synthesized for this project. Table 2.5 shows the theoretical number average
molecular weight, the experimentally determined number average molecular weight,
and the glass transition temperature of the three different poly(aryl ether ketone)
derivatives as a function of molecular weight. All T
g values shown below are from
third heat DSC measurements of amorphous samples. The ultimate glass transition
temperature of the tBPK material appears to be 177°C. The ultimate glass transition
temperature of the PhPK material is 157°C. The ultimate T
g
of the MePK system is
153°C. The 157°C ultimate T
g
of PhPK appears to be rather low relative to that of
tBPK, 177°C, and commercial PEEK, 143°C, which is unsubstituted. The phenyl
side group apparently does not hinder segmental mobility as effectively as the t-butyl
group. The planar phenyl group may, through 7C-bond interactions, be occupying less
volume than the t-butyl group and, therefore, not inhibiting main chain motion as
effectively as the t-butyl group.
As was discussed in the WAXS section only the MePK materials were semi-
crystalline. The normalized first heat transitions of the 3100, 5300, 12,200, and
19,000 Mn materials are shown in Figure 2.27. It can be seen that only the 19,000
Mn MePK is completely amorphous. The high molecular weight and resulting
reduced molecular motion apparently prevents crystal formation. Figure 2.28 is a
typical, slow cooling,
-2°C/min., of 3100 Mn MePK, DSC thermogram of the semi-
crystalline MePK materials showing no crystallization. However, long annealing

o(Q/oae/tBO) mou ^eaH
times of these samples, 16 hours at 180°C, returns all of the materials, except the
19,000 Mn MePK, to a semi-crystalline state, Figure 2.29.
2.5. Reactive oligomer glass transition temperatures
as a function of molecular weight.
tBPK PhPK MePK
Mn Mn Tg Mn Mn
T
g Mn Mn Tg
Theor. Exptl. (°C) Theor. Exptl. (°C) Theor. Exptl. (°C)
3000 3100 147 4200 4900 141 3000 3100 123
4000 5500 152 10,000 13,600 156 3000 5300 125
6000 6200 158 infinite 35,000 157 10,000 12,200 148
7000 7400 160 16,000 19,000 153
7000 8400 164
20000 15,200 177
infinite 27,000 177
The low melting temperatures of these materials and their inherent
crystallinity could make these MePK materials a low melting (and subsequently
easier to process) alternative to PEEK. However, their sluggish crystallization
characteristics probably makes them economically unattractive. A possible
alternative to achieve both a lower melting temperature relative to PEEK, and more
facile crystallization would be the synthesis of a copolymer based on hydroquinone
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and methylhydroquinone. THese systems should offer the desired erystallinity and
lower melting temperatures.
TGA
:er in air at
The onset of degradation temperature of the oligomers of this chapt<
a 10°C/min. heating rate have been determined. Table 2.6 summarizes the results of
these experiments for the different substituted poly(aryl ether ketone)s as a function
of their molecular weight.
.6. Reactive oligomer onset decomposition temperatures
as a function of molecular weight.
tBPK PhPK MePK
Mn Onset Mn Onset Mn Onset
Decomp. Decomp. Decomp.
Temp. (°C) Temp. (°C) Temp. (°C)
3100 414 2600 459 3100 432
6200 421 13,600 499 5300 451
15,200 396 35,000 500 12,200 439
27,000 406 19,000 420
The data shown in Table 2.6 shows that the PhPK oligomer appears to be more
thermally stable than either the tBPK or the MePK. This is expected because of the
thermal stability associated with the aromatic phenyl side group, relative to that of
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the aliphatic t-butyl and methyl groups of the tBPK and MePK materials. The
degradation temperature of the MePK appears to be about 30°C greater than that of
the tBPK. The formation of fewer thermally induced degradation radicals caused by
the methyl side group relative to that of the t-butyl side group may account for the
increased stability.
Reactive Oligomer Physical Characteristics
Density
The densities of the substituted hydroquinone-based poly(aryl ether ketone)s
are shown below in Table 2.7. The densities were measured of films cast from
methylene chloride. Films were made from 27,000 Mn tBPK, 19,000 Mn MePK,
and 13,600 Mn PhPK. The 27,000 Mn tBPK film was optically transparent. The
19,000 Mn MePK was almost optically transparent. Cloudy regions, possibly the
result of crystallinity were evident. The 13,600 Mn PhPK was a clear yellow. (The
initial PhPK powder was white.)
The tBPK film is less dense than the MePK and PhPK films. Because density
is an approximation of the free volume in a polymer, the lower tBPK density may be
indicative of increased free volume. Neglecting the influence of end-groups, the
different density properties are most likely a consequence of the respective poly(aryl
ether ketone) side groups, the only structural variable in these polymers. This data
appears to indicate that the t-butyl side group occupies more volume than the phenyl
side group.
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Table 2.7. Reactive Oligomer Densities.
Material
27,000 Mn tBPK
19,000 Mn MePK
13,600 Mn PhPK
The magnitude of the density difference is representative of the volume
required to pack the t-butyl side group and may explain the large difference in the
observed ultimate glass transition temperature of the tBPK polymer. The ultimate
glass transition temperatures of the MePK and PhPK polymers were very similar
while the ultimate tBPK glass transition temperature was approximately 20°C higher.
The large volume occupied by the t-butyl side group, as shown in the density
measurements, appears to be significantly hindering the onset of segmental motion,
as shown by T
g measurements. The methyl and phenyl groups may be occupying
similar free volumes and not hindering main chain segmental motion as effectively.
Measuring the density of several MePK samples with various degrees of
crystallinity was not pursued.
Uniaxial Tensile Properties
The uniaxial tensile properties of the films discussed above were also
measured. Samples with an average length- to-width ratio of 15 were tested. A
crosshead rate of 1 cm/min. was used for all samples. Figures 2.30 - 2.32 display
representative stress-strain curves of the respective poly(aryl ether ketone)s. The
Density (g/cm3 )
1.12
1.21
1.17
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modulus, ultimate stress, strain at ultimate stress, breaking stress, and breaking strain
are shown in Table 2.8. The data represented in the figures of the respective
oligomers and Table 2.8 show that the tBPK and MePK polymers are more ductile
than the PhPK polymer.
The PhPK polymer, Figure 2.32, appears to fail in a brittle manner and did
not display any yielding characteristics. The ultimate stress and the breaking stress
were equivalent. The lower molecular weight of the PhPK polymer may be the cause
of this behaviour or it could an inherent characteristic. The ultimate stresses of the
PhPK polymer were observed before yielding and may be low. Failure initiated by
defects at the film edge was observed in all of the samples. The standard deviation
associated with the ultimate stress and ultimate strain of this sample is further
evidence of defect induced failure.
The tBPK and MePK polymers, Figures 2.30 and 2.31 respectively, both
yielded prior to failure. The standard deviation associated with the ultimate stress
and ultimate strain of these materials was much smaller because the influence of the
defects was not significant. The breaking stress and strain data, however, have much
larger standard deviations and is attributable to the defects. (These defects resulted
from the cutting of the tensile samples.) Great care was taken in sample preparation
but error associated with impurities, width variations, and thickness variations were
present.
The modulus of the tBPK is significantly less than the modulus of the MePK
and PhPK polymers. This may be attributable to the larger free volume present in
the tBPK polymer. Modulus is an additive property and an increased free volume
content would result in a decreased modulus. The modulus, 3.96 GPa, and the
tensile strength, 91 MPa, of PEEK64 is higher than the modulus and tensile strength
Strain (%)
Figure 2.30. Stress-strain curve of 27,000 Mn tBPK.
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Strain (%)
Figure 2.31. Stress-strain curve of 19,000 Mn MePK.
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Strain (%)
Figure 2.32. Stress-strain curve of 13,600 Mn PhPK.
86
of the polymers measured in this chapter. The crystallinity of PEEK is most likely
the cause of the difference.
Table 2.8. Reactive Oligomer Uniaxial Tensile Properties.
Material Modulus
(GPa)
Ultimate
Stress
(MPa)
Strain at
Ult. Stress
m
Breaking
Stress
(MPa)
Breaking
Strain
(%)
tBPK 1.96 64.5 3.62 52.38 5.43
+/-0.19 +/- 3.2 +/- 0.28 +/- 2.63 +/- 1.65
MePK 2.52 68.2 3.86 60.76 6.31
+/- 0.23 +/- 4.9 +/- 0.26 +/- 7.76 +/- 1.95
PhPK 2.69 68.1 3.08 68.1 3.08
+/-0.10 +/- 9.7 +/- 0.58 +/- 9.7 +/- 0.58
Chanter Conclusions
Chapter 2 summarizes the methods other researchers have used to synthesize
poly(aryl ether ketone)s. The base-promoted aromatic nucleophilic substitution
technique was used with an NMP/toluene co-solvent system for this effort because it
had been applied successfully elsewhere in the synthesis of amorphous poly(aryl
ether sulphone)s and poly(aryl ether ketone)s . The two-step synthetic route was
shown to be more effective in the synthesis of reactive thermoplastic oligomers of
controlled molecular weight with high percentages of amine-termination.
The spectroscopic characteristics of the poly(aryl ether ketone)s based on t-
butyl, methyl, and phenylhydroquinone were next discussed. The IR transmittances
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of each sample were shown. The spectra were all very similar except for the alkane
hydrogen peak which varied as a function of the side group. The assignments of
proton shifts and splittings were explained for tBPK, hypothesized for MePK, and
shown for PhPK. The side group was again the only variable in the system and was
the cause of the different proton splittings. The WAXS characteristics of the semi-
crystalline MePK were shown and a unit cell was determined. The unit cell was
slightly larger than that observed for PEEK. The smaller size of the methyl side
group appears to allow for crystal formation in the low and intermediate molecular
weight polymers. However, a high molecular weight MePK polymer was
amorphous. It was postulated that a poly(aryl ether ketone) copolymer based on
methylhydroquinone and hydroquinone may possess a higher degree of crystallinity
than the MePK polymers but a lower melting point than PEEK and be of commercial
interest. No crystallinity was observed in the tBPK and PhPK polymers. The size of
the t-butyl and phenyl side groups appears to prevent crystal packing.
The thermal transitions of tBPK, PhPK, and MePK were shown as a function
of their respective molecular weights. tBPK was found to have the highest ultimate
glass transition temperature and MePK the lowest. tBPK and PhPK were shown to
be amorphous for all molecular weights and the crystallinity of MePK was discussed
as a function of its thermal history. The onset degradation temperatures of the
oligomers in air were also discussed. The completely aromatic PhPK was found to
have the highest degradation onset temperature.
The density and uniaxial tensile properties of high molecular weight
derivatives of these polymers concluded the results and discussion section. The
density of the tBPK polymer was found to be significantly lower than the density of
the MePK and PhPK polymers. The decreased density was attributed to an increase
in free volume caused by the bulky t-butyl group. It was further postulated that this
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free volume increase was correlated with the high glass transition temperature of the
tBPK polymer.
The uniaxial tensile properties of these materials were measured from cast
films. The data showed that the tBPK and MePK polymers were much more ductile
than the PhPK polymer. This observation may be attributable to the lower molecular
weight of the PhPK, or it may be an inherent property. The modulus of the tBPK
was found to be significantly less than the modulus of the other polymers and the
difference was again attributed to the larger free volume.
In conclusion, a two-step synthetic route based on a technique developed
elsewhere 14* was slightly modified and used in the synthesis of a series of substituted
hydroquinone-based poly(aryl ether ketone)s differing only in the nature of the side
group. A range of controlled molecular weights were synthesized and evaluated.
Until very recendy the tBPK and PhPK materials had not been discussed in the
literature 131 - 138
.
A recent article briefly details using tBPK and PhPK as an
intermediate in PEEK synthesis 131
. The DSC transitions of these polymers are
discussed. MePK was first discussed in the literature by our laboratory 122- 147
. This
chapter represents the most thorough investigation of these polymers to date.
CHAPTER in
REACTIVE POLY(ARYL ETHER KETONE) THERMOPLASTIC
OLIGOMER MODIFICATION OF HIGH PERFORMANCE
EPOXY/AMINE RESINS
Introduction
The primary objective of this thesis, as defined in Chapter 1, is the
development of a comprehensive understanding into the influence of reactive
thermoplastic oligomer modification of high performance epoxy/amine resin
systems. The synthesis and characterization of the reactive thermoplastic oligomers,
based on poly(aryl ether ketone)s, was described in Chapter 2. This chapter details
the results of the incorporation of these reactive oligomers into commercial
epoxy/amine resin systems. A brief review of the advantages of thermoplastic
modification of thermosetting systems and a synopsis of research that has been
performed elsewhere is first presented. An experimental section detailing sample
preparation techniques and equipment follows. The experimental results of the
reactive thermoplastic oligomer modification of high performance thermosets is then
presented. The data is divided into three sections; low molecular weight (~ 3000
M
n ) reactive thermoplastic oligomer modified resins, intermediate molecular weight
(~ 5000 - 10,000 Mn ) reactive thermoplastic oligomer modified resins, and high
molecular weight (> 10,000 Mn ) reactive thermoplastic oligomer modified resins.
Within each section the morphology/property relationships are discussed and related
to the processing characteristics. A conclusions section summarizes the important
findings of the chapter and discusses the important variables that will be further
evaluated in later chapters.
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Background
The drive to incorporate ductile engineering thermoplastics into brittle, high
performance epoxy resins is motivated by the desire to improve the toughness of
epoxy resins without lowering their modulus and glass transition temperature.
Because engineering thermoplastics have inherently high glass transition
temperatures, moduli, and toughness it was hoped that the incorporation of these
systems into commercial epoxies would result in tough, easy to process, high
performance resins. The ability to combine engineering thermoplastics with
thermosets is largely dependent on the solubility of the thermoplastic with the
thermoset. Bucknall et al. were the first to show that commercial poly(ether
sulphone) was soluble in high performance epoxies94
. Since that time it has been
found that a number of engineering thermoplastics are soluble in commercial
epoxy/amine resin systems95107
. These efforts have shown that the toughest systems
are attained when the morphology of the phase separated system is in a co-
continuous state 102105
. However, the high molecular weight of the commercial
engineering thermoplastics causes the viscosity of these thermoplastic/thermoset
blends to be very high and processing usually involves solvents. In addition to this
drawback, the absence of reactive functional groups in the thermoplastic appears to
cause the toughness of these systems to be dominated by the interfacial adhesion
between the two phases as evidenced by the toughness maximum associated with the
co-continuous structures.
Our laboratory and others have focused on synthesizing reactive
thermoplastic oligomers of controlled molecular weight and reactive functionality,
rather than utilizing commercial engineering thermoplastics, for incorporation into
epoxy resins 108 " 114 - 121 . 122 . These materials have the ability to be processed without
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the aid of solvents because of their lower molecular weights and the reactive end-
groups allow for covalent bonding between the thermoplastic and thermoset phases
and improved adhesion. Research in our laboratory has shown that using reactive
thermoplastic oligomers based on poly(aryl ether ketone) derivatives with
thermoplastic-rich continuous phases have the highest degrees of toughness,
approaching that of the neat engineering thermoplastic 121.122,147 Qther work,
focusing on poly(aryl ether sulfone)s, appears not to show these same results. These
systems were found to have toughness maxima while possessing a mixed continuous
phase morphology "6. Because reactive thermoplastic oligomer modified epoxy resin
systems have been studied in far less detail than thermoplastic/thermoset blend
systems, and because of the discrepancy of toughening results, this chapter is devoted
to determining the morphology/property/processing characteristics of reactive
poly(aryl ether ketone) oligomers incorporated into a high performance epoxy-amine
resin system.
Experimental
Materials
Epon 828, (E828), a diglycidyl ether of bisphenol A, was obtained from Shell
Chemical Company and used as received. 4,4'-diaminodiphenylsulfone, (DDS), and
4,4'-diaminodiphenylmethane, (MDA), were obtained from Aldrich Chemical
Company in the highest available purity and used as received. The chemical
structures of each of the above reagents is shown in Figure 3.1. The amine-
terminated poly(aryl ether ketone)s were not commercially available and were
synthesized to controlled molecular weights in our laboratory.
92
OT2-
X
CH- CH2- OY~~V C O- CH2- Ch\h2
CH
'3
diglycidyl ether of bisphenol A (Epon 828)
O
H2N
"Vf^V"m
o
4,4'-diaminodiphenylsulfone (DDS)
4,4'-diaminodiphenylmethane (MDA)
Figure 3.1. Chemical structures of epoxy and amine components.
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Reactive Thermoplastic Oligomer Synthesis
The synthesis of the reactive poly(aryl ether ketone) thermoplastic oligomers
followed a base-promoted aromatic nucleophilic substitution reaction involving a
substituted hydroquinone and 4,4 1
-difluorobenzophenone. The reactive amine-
terminated functionality was incorporated in a second step. The details of this
synthesis, as well as the thermal and spectroscopic characteristics of the different
oligomers used in this study, are described in detail in Chapter 2.
Reactive Thermoplastic Oligomer/Thermoset Resin Formulation
The functionalized oligomers were slowly added to Epon 828 that was
previously heated to 140°C - 200°C, dependent on oligomer solubility and the curing
agent, while vigorously mixing. A dissolution and pre-reaction period of 30 minutes
was followed by the addition of the diamine curing agent, DDS or MDA. Vigorous
mixing was continued until the diamine completely dissolved, about five minutes.
All reported resins were made at an amine to epoxide ratio of 1.0. The reaction
mixture was then degassed under vacuum at 130°C - 170°C, dependent on the curing
agent, and transferred to a preheated aluminum sheet mold also at 130°C - 170°C.
The resins were cured for 2 hours at 170°C followed by 2 hours at 230°C while
under vacuum. The resins were then allowed to cool slowly to room temperature to
minimize thermal stresses.
A typical resin formulation using 40% 3100 M
n amine-terminated tertiary-
butylhydroquinone-based poly(aryl ether ketone), ATtBPK, as the modifier in an
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E828-DDS epoxy/amine resin system involved dissolving 1 1.3 g (0.0036 moles) of
ATtBPK into 17.00 g (0.0452 moles) of Epon 828 at 140°C for 30 minutes. A
stoichiometric amount of DDS, 4.70 g, (0.0189 moles) was then added to the
mixture. After five minutes the DDS had completely dissolved. The resin was next
degassed at 170°C for five minutes and poured into a 170°C pre-heated sheet mold.
The resin was cured at 170°C for two hours and post-cured for two hours at 230°C
under vacuum. The fully cured resin was slowly cooled to room temperature and a
transparent orange/yellow sheet resulted.
Mechanical Properties
This section details the techniques used to determine the mechanical
properties of the thermoplastic/thermoset resin systems. The sample preparation
methods are first discussed and are followed by the experimental procedures used to
determine the flexural modulus, critical stress intensity factor, and the fracture
energy. Because only small quantities of materials were made, the tensile
characteristics of these systems were not determined.
Mechanical Property Sam ple Prenaratinn
Flexural modulus samples, three point bend dynamic mechanical samples,
and miniature compact tension samples were cut to size using a Bridgeport milling
machine, and a 1.75 inch diameter jeweler's slotting saw blade, 0.023 inches thick.
The milling machine was operated at 1200 revolutions per minute, and no cooling
fluids were used. Teflon spray applied to the cutting blade, and/or slower cutting
rates were used if excessive heat build-up became a problem.
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Three millimeter thick resin sheets were initially cut into strips 12 mm wide.
From these strips 2 - 4 samples 60 mm long were cut for modulus and dynamic
mechanical testing. Four to twenty samples, 12.5 mm long for compact tension
measurements, were also prepared. The compact tension samples were next placed
in a stainless steel template containing a pair of holes and drilled using a 2.5 mm
diameter bit. Low drilling r.p.m.s were used to prevent sample fracture. Samples
containing 20% or more thermoplastic by weight had much improved "drillability"
relative to the neat epoxy materials.
Pre-cracks were added to the compact tension samples using an above Tg
insertion technique 148
.
The compact tension samples were placed into a specially
designed pre-crack insertion apparatus and heated to 50°C - 90°C above their
respective glass transition temperatures. After the samples had equilibrated, 10-20
minutes, they were quickly removed from the oven and sliced with a new razor blade
that had been installed into the pre-crack insertion apparatus. The samples were then
placed back in the oven and slowly cooled to room temperature. Very sharp cracks
were created using this technique as long as effective slicing temperatures were used.
(Temperatures too high resulted in significant viscoelastic tearing, while
temperatures too low resulted in sample rupture and crooked cracks.)
Flexural Modulus Determination
Flexural moduli were determined following the ASTM D790M testing
procedure. Previously cut samples, 60.0 mm x 12.0 mm x 3.0 mm, were placed into
a 42.0 mm beam span three-point-bend sample holder. A free standing Instron
testing machine, outfitted with a previously calibrated 100 kg load cell, was used at a
0.05 cm/minute displacement rate. The deflection of the beam was calculated from
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the product of the crosshead rate and the time of deformation which was determined
from the chart speed and the chart distance traversed.
The equation used to determine the flexural modulus is shown below:
D L3ME=
^BD3 (3-D
where i E = flexural modulus [Pa]
L = beam span [m]
M= slope of the force/deflection curve [N/m]
B = beam width [m], and
D = beam thickness [ml.
Critical Stress Intensify Factor anri Fracture Energy Determinating
The critical stress intensity factor and fracture energy measurements were
made following a modified ASTM E399 technique. Small samples, 12.0 mm x 12.5
mm x 3.0 mm, prepared as discussed above were used rather than the prescribed
ASTM E399 sample sizes. Research has been done into these miniature compact
tension samples elsewhere and has been shown to be reproducible and equivalent to
the standard size samples 149151
. This technique allows for small quantities of resins
to be screened and characterized. Miniature clevis brackets having 2.50 mm
diameter pins that fit the previously machined compact tension samples were used to
clamp the sample. The pins fit snugly into the compact tension sample holes, but
rotational freedom was maintained. The clevis bracket was threaded directly into a
steel shaft that was mounted to a previously calibrated 100 kg load cell. A free
standing screw driven Instron tensile tester was used at a crosshead rate of 0.05
cm/minute. Fracture values were determined only from the initial crack propagation
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load. The critical stress intensity factor, KIC , the ability of a material to withstand
load while in the presence of a sharp crack for mode-one crack propagation, was
determined from the load of the initial crack propagation and geometric factors
according to ASTM E399 as shown below:
P
c
F(a/W)
KIC = Bw i/2 (3.2)
FfaAV) = (2 +
(a/W))(0.886 + 4.64(a/W) - 13.32(a/W)2 + 14.72(a/W)3 - 5.64(a/WV^ _
N
(l. (a^V))3/2
(3.3)
where; KIC = critical stress intensity factor [N/m 3/2],
Pq= crack propagation load [N],
F(aAV) = function of geometric parameters as shown
in Equation 3.3 [dimensionless],
a = crack length as shown in Figure 3.2 [m],
W = sample dimension as shown in Figure 3.2 [ml, and
B = sample thickness [mj.
The fracture energy G\q is determined from the critical stress intensity factor
and the modulus of the material. The relationship is shown below in Equation 3.4:
(Kic)2
Gic=Hh (3-4)
where; Giq = fracture energy (J/m2),
KIC = critical stress intensity factor (N/m3/2), and
E= flexural modulus (Pa).
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Figure 3.2. Compact tension sample geometric definitions.
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Thermal Properties
Differential scanning calorimetry, (DSC), measurements were made using
either a Perkin-Elmer DSC-4 or a DuPont Instruments 2910. Both instruments were
calibrated using an indium standard and operated at a 20°C/minute heating rate. All
data is based on second heat values unless otherwise indicated.
Dynamic mechanical measurements were made using an IMASS Dynastat
operated in the three-point-bend mode. The apparatus was operated in load control
and adjusted as the sample softened to insure that the limits of small beam theory
were not exceeded. All reported data is based on 1 Hz measurements and the loss
modulus peak was used to characterize the glass transition temperatures. A sample
holder with a 41.35 mm beam span was used for all samples.
Morphological Properties
Transmission Electron Microscopy
Transmission electron microscopy, (TEM), samples were taken from bulk
samples away from the surface. These samples were room temperature microtomed
using a diamond knife. All samples were about 80 nanometers thick and stained for
four hours with osmium tetroxide prior to examination. All TEM micrographs were
taken using a Jeol 100 CX transmission electron microscope operating at 100 kV.
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Scanning Flectrnn Mif
Scanning electron microscopy, (SEM), was performed using a Jeol 100 CX
transmission electron microscope operating in the scanning electron mode. All of the
surfaces were sputter coated with gold prior to examination. Fracture surface
micrographs were of compact tension sample fracture surfaces.
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EPOXV-Amine Resin gggfeffla
Introduction
This section details the results that were attained from the incorporation of
low molecular weight, approximately 3000 M
n , reactive thermoplastic oligomers into
an Epon 828/DDS resin system. The section is separated into three different
subsections based on the chemical nature of the three different substituted
hydroquinones. The t-butylhydroquinone-based poly(aryl ether ketone) resin system
is first discussed, followed by the methylhydroquinone-based system and, lastly, the
phenylhydroquinone-based system. The general results of these thermoplastic/
thermoset resin systems are discussed in detail in the t-butylhydroquinone subsection
and are the basis for subsequent comparison and evaluation throughout much of the
remaining dissertation. A conclusions section summarizes the important results that
were found for the low molecular weight based resin systems.
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t-Butylhydroquinone-Based Poly(aryl ether ketone)/
Epoxy-Amine Resin Systems
Results
Resin Formulation
The t-butylhydroquinone-based poly(aryl ether ketone), tBPK, used for this
series of experiments was a 3100 M
n amine-terminated reactive thermoplastic
oligomer. A DSC scan of this oligomer and the other low molecular weight
oligomers, based on methylhydroquinone and phenylhydroquinone, used for this
section are shown in Figure 3.3. Five resins, incorporating 7.7%, 16.0%, 24.9%,
34.2%, and 44.5% 3100 M
n tBPK respectively, were fabricated. (Subtracting the
DDS weight, these same resins correspond to 10%, 20%, 30%, 40%, and 50% (w/w)
tBPK/E828.) All of the oligomers were incorporated into Epon 828 epoxy and cured
with a stoichiometric amount of DDS. The thermal, mechanical, and morphological
properties of these resins are discussed in the following sections.
3100 Mn tBPK/E828-DDS Resin Mechanical Properties
The modulus as a function of reactive 3100 Mn tBPK thermoplastic oligomer
loading level is shown in Figure 3.4. The moduli of these resins are shown to
decrease only slightly as a function of thermoplastic oligomer loading level. Figure
3.5 displays the fracture energy as a function of reactive thermoplastic oligomer
loading level over the same range that was shown in Figure 3.4. The fracture energy
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Figure 3.4. Modulus as a function of reactive thermoplastic oligomer loading
level for the 3100 Mn tBPK/E828-DDS resin system.
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Figure 3.5. Fracture energy as a function of reactive thermoplastic oligomer
loading level for the 3100 M
n tBPK/E828-DDS resin system.
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of «he 3.00 M„ CBPK/E828-DDS res ,n system increases slightly a, the 16.0%
reactive thermoplastic ohgomer loading
.evel, with respect to the unmodified E828-
DDS resin, after an initial decrease at the 7.7% loading level. A large, discontinuous
increase in the fracture energy is apparent at the 24.9% loading level and is followed
by another large increase at the 34.2% loading level. The fracture energy of the
44.5% loading ievel is roughly equivalent to the fracture energy of the 34.2% loading
level resin.
3100 Mn tBPK/E828-DDS Resin Morphological Propert les
Transmifflion Electron Miciwopy
. Transmission electron micrographs of
the 7.7%, 16.0%, 24.9%, 34.2%, and 44.5% 3100 M
n tBPK/E828-DDS resins,
discussed above, are shown in Figures 3.6 - 3.10 respectively. Two different phases,
a light region and a dark region, are present. The dark regions correspond to the
thermoplastic-rich phase while the light regions correspond to the thermoset-rich
phase. The series of TEM figures show that these materials consist of three
morphologically distinct structures; a thermoset-rich continuous phase with
thermoplastic-rich inclusions, Figures 3.6 and 3.7, a mixed continuous phase system
where regions of thermoset-rich continuous phase with thermoplastic-rich inclusions
exist, as well as regions of thermoplastic-rich continuous phase with thermoset-rich
inclusions, Figure 3.8, and a phase inverted system consisting of a thermoplastic-rich
continuous phase with thermoset-rich inclusions, Figures 3.9 and 3.10.
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Smnpinr ElfiCjEfln felM- Scannmg electron micrographs of compact
tension fracture surfaces are shown in Figures 3.1 1 - 3.13. The micrographs are
taken away from the crack initiation region and are representative of material failure
in the region of crack propagation. All of the micrographs are magnified 6000 times.
Figure 3. 1
1
is a scanning electron micrograph of the neat E828-DDS resin compact
tension sample fracture surface. Figure 3.12 the SEM micrograph of the 7.7% 3100
M
n tBPK/E828-DDS resin fracture surface at a 50° tilt. Figure 3. 13 is the SEM
micrograph of the 44.5% 3100 M
n tBPK/E828-DDS resin fracture surface at a 50°
tilt. The circular included regions in Figures 3.12 and 3.13 are indicative of two
distinct phases.
3100 Mn tBPK/E828-DDS Resin Thermal Properties
Differential Scanning Calorimetry The normalized differential scanning
calorimetry results of the above resins are shown in Figure 3. 14. The differential
scanning calorimetry data of the neat E828-DDS resin, (1), shows, as expected, only
one glass transition temperature. The neat tBPK thermoplastic differential scanning
calorimetry data, (7), (which was also shown in Figure 3.3 but is replotted here for
comparison purposes) also has only one glass transition temperature. The DSC scans
of the reactive thermoplastic oligomer modified resin systems, (2) - (6), all show two
different glass transition temperatures indicative of the two phase morphology that
was shown in Figures 3.6 - 3.10. (The transition temperatures will be shown in a
summary table.)
Figure 3.11. Scanning electron micrograph of the E828-DDS resin compact
tension sample fracture surface.
Figure 3. 12. Scanning electron micrograph of the 7.7% 3100 Mn
tBPK/E828-DDS resin compact tension sample fracture surface.
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Figure 3.13. Scanning electron micrograph of the 44.5% 3100 Mn
tBPK/E828-DDS resin compact tension sample fracture surface.
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TEMPERATURE (C) DSC
Figure 3.14. DSC traces of the 3100 Mn tBPK/E828-DDS resin system as a
function of thermoplastic oligomer loading level. (1) E828-DDS. (2) 7.7%
3100MntBPK. (3) 16% 3100 Mn tBPK. (4) 24.9% 3100 Mn tBPK.
(5) 34.2% 3100 Mn tBPK. (6) 44.5% 3100 Mn tBPK. (7) 3 100 Mn tBPK.
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VvmmW Mfrfranical Mfiaamfflnaite. The 1 Hz dynamic mechanical data
as a function of temperature for the different thermoplastic loading levels are shown
in Figures 3. 15 - 3.20. The neat E828-DDS resin has only one transition
temperature, a loss modulus peak at 213°C, corresponding to the temperature range
where the storage modulus decreases from a glassy state, 1500 MPa storage modulus,
to a rubbery state, 30 MPa storage modulus. The 7.7% tBPK/E828-DDS resin
system has one apparent transition while the 16.0%, 24.9%, and 34.2% tBPK/E828-
DDS resins have two distinct transitions. The 44.5% tBPK/E828-DDS resin also
only had one discernible transition temperature.
3100 Mn 1BPK/E828-DDS Resin Processing Properties
The 3100 M
n
tBPK reactive thermoplastic oligomer was readily soluble in
Epon 828 at 140°C. The viscosity of these resins was dependent on the loading level
of the tBPK. The 7.7% and 16.0% loading levels had very little effect on the
viscosity of the Epon 828 and maintained water-like viscosity at the 140°C
processing temperature. The 24.9% and 34.2% loading level resins had slightly
higher viscosities but were still easily poured from the mixing vessel into the sheet
mold. The 44.5% loading level system was much more viscous and was the limit to
which reactive thermoplastic oligomer could be added to this resin before the
viscosity became so large so as to inhibit processing without the aid of solvent or
high stresses.
The DDS curing agent was also soluble in the tBPK/E828 miscible mixture
for all of the loading levels. Cooling the thermoplastic/epoxy mixture, after DDS
addition, results in a B-staged resin. All of the resins had adequate room temperature
drape, flexibility, for conventional prepreg processing, but the room temperature
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tack, adhesive characteristic, was found to decrease rapidly with the addition of more
than 25% 3100 M„ ,BPK. The tack of the highest loading level system was
negligible.
3100 Mn tBPK/E828-DDS Resin Property Summary
The thermal, mechanical, and morphological properties of the above resin
systems are summarized in Table 3.1.
Table 3. 1
.
Thermal, Mechanical, and Morphological Properties of
3100 M
n tBPK/E828-DDS Resins.
Loading GIC KIC Modulus Tg (DMA) Tg (DSC) Phase Sep.
Level (%) (J/m2) (MN/m 3/2) (GPa) (°C) (°Q (A. B.C,D)+
0 260 0.79 2.41 213 219 A
7.7 248 0.76 2.33 194 162, 197 B
16.0 309 0.82 2.17 167, 207* 165, 205 B
24.9 623 1.16 2.16 163*, 202 156, 202 C
34.2 826 1.32 2.11 173*. 205 171,200 D
44.5 806 1.28 2.07 175 172, 198 D
+ A
- single phase. B = thermoset-rich continuous phase with thermoplastic-rich inclusions.
C = Mixed continuous phases. D = thermoplastic-rich continuous phase with thermoset-rich
inclusions.
* Transition temperature that corresponds with the largest decrease in the storage modulus.
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The most significant property change that is observed in this system is the
large increase in the fracture energy as a function of reactive thermoplastic oligomer
loading level, as shown in Figure 3.5. A 317% increase in fracture energy with
respect to the unmodified E828-DDS resin system is observed. This increase has
been attained with only a small decrease in the modulus, Figure 3.4. The decrease
from 2.4 GPa to 2.
1
GPa is within the experimental error resulting from the testing
of only two or three specimens per resin. Such few specimens were the result of
having to use small quantities.
The absence of a significant decrease in the modulus of these systems, as
compared to rubber-toughened resin systems, is attributable to the glassy nature of
the reactive thermoplastic phase. A dispersed second phase, having a modulus nearly
equivalent to the modulus of the matrix, results in a composite system having a
modulus similar to that of its components. In addition, the loss in modulus caused by
phase mixing, a factor that dramatically lowers the modulus of rubber toughened
resins, is also minimized through the use of equivalent modulus matrix modifiers.
The fracture energy data correlates with the resin system morphology. The
16.0% thermoplastic oligomer loading level resulted in a modestly tougher resin,
20% tougher relative to E828-DDS, and appears to be an example of a reactive
thermoplastic oligomer toughened epoxy/amine resin system. (The decrease in the
fracture energy of the 7.7% oligomer loading level is small and within experimental
error but this data will be shown later not to correlate with expected results.) The
toughening achieved in resins of this type has generally been attributed to ductile
tearing of the thermoplastic
-rich inclusions, an energy absorbing process. It has also
been postulated that localized thermoset matrix shear yielding, induced by the
thermoplastic
-rich inclusions and similar to those postulated for rubber toughened
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resins, may also account for part of the observed fracture energy increase. However,
the magnitude of localized shear yielding energy absorption in these systems is
expected to be much less than that which is achieved in rubber toughened resins.
Localized shear yielding caused by the incorporation of a second phase is
believed to result from stress concentrations occurring near the equator of the
included phase and is proportional to the differences in the moduli of the two phases.
The relative similarity of these quantities in the thermoplastic-rich and thermoset-rich
phases causes the stress concentrations to be small in this system, relative to rubber-
modified systems, and consequendy the toughening associated with include-phase-
induced matrix yielding mechanisms is expected to be reduced. The magnitude of
these effects can be modelled theoretically 152 ' 153
.
The effectiveness of toughening associated with low levels of oligomer
incorporation into thermosetting resins that resulted in a thermoset-rich continuous
phase with thermoplastic
-rich inclusions yielded only modestly tougher resins. The
toughest resins have a thermoplastic
-rich continuous phase morphology with
thermoset-rich inclusions. These resins were attained at the 34.2% and 44.5%
loading levels of reactive thermoplastic oligomer and had essentially equivalent
properties, Table 3.1. The equivalence in properties of these two resins is evidence
that the morphology of the continuous phase is determining the mechanical
properties of the modified resin.
Energy absorbing segmental motions are known to be proportional to the
molecular weight between crosslinks, (Mc). Thermosetting epoxies are examples of
materials that exhibit Mc dependent fracture characteristics 51 - 154 . The incorporation
of the amine-terminated reactive thermoplastic oligomer having a molecular weight
between crosslinks of 3100, in significant portions, gives greater ductility to the
thermoplastic-rich phase and consequently results in a more ductile resin. The neat
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thermoset has a molecular weight between crosslinks of 340 and the resins with the
thermoset-rich phase have, as expected, lower fracture energies.
The 24.9% loading level material that possessed a mixed-continuous phase
morphology, Figure 3.8, resulted in resins that had fracture energies intermediate
between the thermoset-rich continuous phase systems and the thermoplastic-rich
continuous phase systems. This can be considered further evidence that the
continuous phase is dominating the overall mechanical properties of the resin. The
increased toughness of this system may be attributed to the partially continuous
thermoplastic-rich phase. Again the inherent ductility of the thermoplastic-rich
partially continuous phase is resulting in materials with increased fracture energies.
The nature of the two different phases in these materials has been referred
throughout this text as being either thermoset-rich or thermoplastic-rich. This infers
that phase mixing is occurring. The DSC scans of Figure 3. 1 1 shows that the
respective glass transition temperature of the neat E828-DDS resin is 219°C while
the neat 3100 Mn reactive thermoplastic oligomer glass transition temperature is
147°C. The glass transition temperature of the different thermoplastic oligomer
loading level materials, as shown in Table 3.1, are intermediate between these
transition temperatures and indicative of phase mixing. The high thermoplastic-rich
phase glass transition temperatures of the 34.2% and 44.5% loading level resins,
about 25°C greater than the neat reactive thermoplastic oligomer, are evidence of
increased phase mixing in these systems.
The presence of phase mixing is further supported by data attained from TEM
micrographs similar to those shown in Figures 3.6, 3.7, 3.9, and 3.10. Analyzing the
relative areas of each phase from the TEM micrographs, the volume fraction of the
respective phases can be determined knowing that the area fraction and volume
fraction of isotropic two phase systems are equivalent. Assuming that the densities
of each phase are equal, the mass fraction can be calculated and compared with the
actual mass fraction added to the resin. The results of this analysis are shown below
in Table 3.2 for the 3100 M
n tBPK/E828-DDS resin system. The data are taken
from micrographs where a large phase separated area is easily visible. (The phase
mixing of the mixed continuous phase morphology system was not determined
because the intricate structure prevents an accurate analysis.)
Table 3.2. Actual and Observed Mass Fractions
of Added Reactive Thermoplastic Oligomer.
Actual Thermoplastic Oligomer
Loading Level (wt. %)
7.7
16.0
34.2
44.5
Observed Thermoplastic Oligomer
Loading Level (wt. %)
6.8
17.0
46.8
75.6
The difference between the actual added thermoplastic oligomer weight
percent and the observed thermoplastic-rich oligomer weight percent is much larger
for the high thermoplastic oligomer loading levels than the lower thermoplastic
oligomer loading levels. The high thermoplastic oligomer loading levels correspond
to the thermoplastic-rich continuous phase resins, and as was stated above, the glass
transition temperature of the thermoplastic-rich phase was highest for these systems
indicative of increased phase mixing. Increased phase mixing in the thermoplastic-
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rich phase results in higher crosslink densities and hence higher glass transition
temperatures. The increased crosslink density also results in reduced ductility in the
thermoplastic-rich phase. However, the ductility of this thermoplastic-rich phase is
still much greater than that of the tightly crosslinked epoxy-rich phase and materials
possessing this thermoplastic-rich continuous phase result in significantly tougher
resins.
The Fox Equation can be used to describe the respective weight fractions of
phase mixed systems from the glass transition temperatures of the pure components
and the glass transition temperature of the mixed phase. The Fox Equation is shown
in Equation 3.5.
_L _
w
l
w2
T ~ T + T (3.5)
where; T
g
= glass transition temperature of the phase,
w\ = weight fraction of component I,
T
g
= glass transition temperature of component 1,
w2 = weight fraction of component 2, and
Tg^ = glass transition temperature of component 2.
The T
g
s of the neat thermoplastic and the neat epoxy/amine as well as the T
g
of the
two mixed phases are known. Applying the Fox Equation to these resins allows for
the determination of the weight fractions of the neat components in each phase.
From this information, mole quantities of each component can be determined, and
the average molecular weight between crosslinks, (M^, of each phase estimated. A
knowledge of this parameter allows for a quantitative measure of the ductility of each
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phase in these resin systems. Table 3.3 shows the molecular weight between
crosslinks of each phase as determined from the above described method.
Table 3.3. Average Molecular Weight Between Crosslinks
of the 3100 Mn tBPK/E828-DDS Resin System.
Thermoplastic Oligomer Thermoplastic-rich Phase Thermoset-rich Phase
Loading Level (wt. %) w ~
0.0 340*
7.7 911 421*
16.0 817 387*
24.9 1223 397
34.2 685* 406
44.5 671* 417
* continuous phase
The data in Table 3.3 shows that phase mixing, apparent as a smaller
difference between the thermoplastic-rich M
c
and the thermoset-rich is more
predominant in the thermoplastic-rich continuous phase resins, 34.2% and 44.5%
oligomer loading levels, than the thermoset-rich continuous phase resins, 7.7% and
16.0% oligomer loading levels. Phase mixing is a minimum for the mixed
continuous phase system, 24.9% thermoplastic oligomer loading level.
Throughout the above mechanical properties discussion it was inferred that
the nature of the continuous phase determined the overall fracture resistance of the
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resin. Using the data in Table 3.3 the ductility of the continuous phase, as
characterized by the average molecular weight between crosslinks, can be plotted as
a function of the critical stress intensity factor. (The M, of the mixed continuous
phase system was determined assuming 75% of the resin was thermoset-rich
continuous and 25% of the resin was thermoplastic-rich, a quantity estimated visually
from TEM micrographs, and normalizing the from the values in Table 3.3.) The
relationship between these quantities is illustrated in Figure 3.21.
Figure 3.21 shows that the average molecular weight between crosslinks of
the continuous phase and the critical stress intensity factor possess a linear
relationship with a linear regression correlation coefficient of 0.994. The linear
regression calculation ignores the data of the 7.7% loading level system, where KIC
was found to decrease despite possessing a larger molecular weight between
crosslinks, although this point is shown on the graph. The linear dependence of KIC
on the Mc of the continuous phase suggests that only one energy absorbing failure
mechanism is dominating the fracture process and that the average molecular weight
between crosslinks of the continuous phase is a linear measure of this phenomena.
This process is seen in both the thermoplastic
-rich continuous phase materials as well
as the thermoset-rich continuous phase materials. Levita (1989) 154 showed a similar
proportional relationship between KIC and M<. in unmodified epoxy-amine systems
where the Mc of the epoxy prepolymer was varied.
The implications of these results suggest that in order to achieve
thermoplastic/thermoset resins with large critical stress intensity factors, a high
degree of phase mixing is desirable when the thermoset-rich phase is continuous and
that low degree of phase mixing is preferable when the thermoplastic-rich phase is
continuous. These results appear to indicate that the toughening of thermosetting
131
Figure 3.21. Critical stress intensity factor as a function of the average
molecular weight between crosslinks of the continuous phase of the 3100
Mn tBPK/E828-DDS resin system.
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resins with low levels of thermoplastic oligomer incorporation is achieved
predominantly by increasing the average molecular weight between crosslinks of the
thermoset-rich continuous phase and not from ductile tearing of the thermoplastic-
rich inclusions or through energy absorbing inclusion-induced matrix shear yielding
processes.
The SEM micrographs of compact tension fracture surfaces in Figures 3.1 1 -
3.13 show the influence of increased ductility. All micrographs are magnified 6000
times. The neat E828-DDS resin fracture surface, Figure 3.1 1, is featureless and
indicative of brittle failure. The E828-DDS resin had the lowest fracture resistance
characteristics and the absence of energy absorbing shear yielding is consistent with
this result.
The 7.7% 3 100 Mn tBPK/E828-DDS resin fracture surface, Figure 3. 12,
which possess a more ductile continuous phase, shows evidence of continuous phase
shear yielding. The drawn regions appear to pass through the thermoplastic-rich
inclusions. This may be evidence that the inclusions are acting as stress
concentrators and causing the matrix yielding. The thermoplastic-rich inclusions
appear to be well bonded as the inclusions appear to have been drawn before failing.
The fracture surface of the 44.5% 3100 Mn tBPK/E828-DDS resin, Figure
3.13, shows even more significant degrees of shear yielding. The thermoplastic-rich
phase is the continuous phase. Excellent adhesion between the two phases is again
apparent. The thermoset-rich inclusions appear to have fractured and not failed
interfacially. Significant amounts of tearing appear to be observed in the
thermoplastic-rich continuous phase between nearly every thermoset-rich inclusion,
indicative of increased matrix ductility. The fracture surface of the thermoset-rich
included phase is very similar to the fracture surface of the thermoset-rich continuous
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phase observed in Figure 3. 12. ., is not known if ,he inclusions are failing ahead of
the propagating crack tip.
It was postulated above that the M
c of the cont.nuous phase .s the primary
factor governing the fracture resistance characteristics. Figures 3.12 and 3.13 show
that the inclusions are affecting the fracture process. Unfortunately, this data cannot
be described quantitatively and is only a qualitative observation of the fracture
process in the crack propagation region.
The fracture values of Table 3. 1 are a measure of the resistance of the resin to
fracture in the presence of a sharp crack tip. The load required to initially propagate
the crack Ll used to determine the fracture resistance. The fracture surfaces shown in
this chapter are away from the initial crack tip because the morphological influences
in this region were obscured. Therefore, the fracture surfaces represent the failure in
the presence of a propagating crack. The crack propagation rate, not known for these
Samples, affects the fracture process. Therefore, the observations and implications
derived from this data must be understood relative to the influencing variables.
It appears from these results that an ideal thermoplastic/thermoset resin
system would initially be completely miscible at the low thermoplastic oligomer
loading levels. A miscible system increases the average molecular weight between
crosslinks of the thermoset-rich phase most efficiently. At the higher thermoplastic
oligomer loading levels the thermoplastic-rich phase would ideally phase separate
into a nearly pure separate phase with an average molecular weight between
crosslinks approaching that of the neat thermoplastic oligomer. Some thermosct
phase mixing is necessary because the reactive oligomer end-groups must be
incorporated into the network. The reactive oligomers do not possess any significant
inherent toughness, because of their low molecular weight, and can only result in
tough resins via network forming chain extension reactions.
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Evidence for the effectiveness of toughening that can be attained from a
relatively pure thermoplastic-rich phase can be seen from the mixed continuous
phase resin data. The thermoplastic-rich continuous phase was only about 25% of
the overall continuous phase, however, the large ^ of this partially continuous
phase appears to have significantly increased the fracture resistance of the overall
resin despite having a 75% low-ductility, thermoset-rich continuous phase. A more
ductile and fracture resistant resin would be expected in a system possessing a larger
fraction of equivalently pure thermoplastic-rich continuous phase.
The Fox Equation has been used to determine the extent of phase mixing in
these resins. The results of the Fox Equation, however, are not exact. The Fox
Equation has been used to determine the weight fraction of the thermoplastic and
thermoset components in each phase. The relative validity of these results can be
checked by calculating the weight fraction of the components in one phase, using the
Fox Equation, and then predicting the glass transition temperature of the second
phase and comparing it with the observed values. This is done by using calculated
Fox Equation weight fractions of one phase and determining the weight fractions of
the second phase from TEM area analysis results and the known total quantities of
the two components. The glass transition temperature is then calculated from these
determined weight fractions and the Fox Equation and compared with the observed
glass transition temperature. The results of these calculations are shown below in
Table 3.4.
The data in Table 3.4 shows that the predicted values second phase T2 and theo
observed values differ. The predicted values are consistently high. This discrepancy
shows that the average molecular weight between crosslinks of the continuous phase
is an estimation and most likely has a 10% - 20% error associated with it. It will be
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shown in the next subsection, where the extent of phase separation is not as great,
that the predicted and experimental values are nearly identical.
Table 3.4. Predicted and Observed Thermoset-rich T s.
Oligomer Loading Level
(%)
7.7
16.0
34.2
44.5
Observed
Thermoset-rich T
g
(°C)
197
205
200
198
Predicted Thermoset-rich
T
g
from TEM, actual
mass, and Fox Equ. (°C)
215
213
206
210
The phase separation process that determines the extent of phase mixing in
these systems and consequently the mechanical properties is very complex. Both
thermodynamic and kinetic factors contribute. The initial solubility of the
thermoplastic in the commercial epoxy is governed by the well known Gibbs free
energy of mixing equation. This relation is shown on the next page in Equation 3.7.
The change in the free energy of mixing has to be negative before solubility can be
achieved. For small molecule systems the entropy of mixing is very large and is
normally the driving force for solubility. However, for polymeric systems where the
size of the molecules is much greater, the entropic contribution to the free energy of
mixing is significantly smaller. Because the entropic contribution is much less in
these systems the magnitude of the enthalpic energy of mixing becomes much more
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important, and in these oligomeric systems enthalpy may be the dominant factor
determining miscibility.
AGmix = AHmix - TASmix (3.7)
where; AGmix= change in the Gibbs free energy of mixing,
^mix = change in the enthalpy of mixing,
ASmix = change in entropy of mixing, and
T= temperature.
The enthalpy of mixing has been estimated using a solubility parameter
approach developed by Hildebrand155
. The model considers the interactions between
neighboring molecules and represents the heat of mixing per unit volume of a two-
component system. The expression for the enthalpy of mixing is shown in Equation
3.8 below:
AHmix = (5! - bj)\$2 (3.8)
where; AHmix= enthalpy of mixing per unit volume,
5j = solubility parameter of component 1,
62 = solubility parameter of component 2,
<j)j = volume fraction of component 1, and
<|>2 = volume fraction of component 2.
Solubility parameters can be determined experimentally 156 or calculated using semi-
empirical techniques 157 - 158 . The obvious deficiency of this model arises from systems
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where specific interactions result in exothermic mixing, AHmix < 0, which cannot be
predicted. The solubility parameter approach has been applied successfully
elsewhere in polymer-solvent and polymer-polymer studies and will be used here to
note the general effects associated with phase separation in these systems.
The values of the solubility parameters were determined using an atomic and
group contribution method developed by Fedors^ that is similar to the b^.,^
approach developed by Smill*. Fedors has determined the contribution of a wide
range of functional groups and applying this method requires only a knowledge of
the chemical structure of the respective components. The internal energy of
vaporization, AEV , and the molar volume, AV, of each compound was determined
using this method from which the solubility parameter is calculated as shown below:
5 = (AEV/AV)
1/2
(3>9)
wnere
' 5 = solubility parameter,
AEV = internal energy of vaporization, and
AV= molar volume.
The calculated solubility parameter, internal energy of vaporization, and the molar
volume of several components important to this research are listed in Table 3.5.
The data in Table 3.5 shows that the tBPK and PhPK oligomers have
solubility parameters very similar to the solubility parameter of E828, suggesting that
these oligomers will be more readily soluble. The MePK oligomer has a solubility
parameter larger than tBPK and PhPK possibly indicating that this oligomer will be
less soluble in E828. BPAPK, bisphenol A-based poly(aryl ether ketone), was
investigated by Thompson in our laboratory and was found to be readily soluble over
a wide range of molecular weights and loading levels 121
. The solubility parameter of
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this resin is shown to be similar to that of E828 and inchoative of a readily soluble
material. The solubility parameters of the curing agents, DOS and MDA, are also
relatively large representing the polar nature of the sulphone and ketone linkages.
The solubility parameter of the reacted E828-DDS, representing the solubility
parameter of the epoxy/amine network, is also relatively large reflecting the polar
nature of the hydroxyl group formed during cure, and the curing agent.
Table 3.5. Solubility Parameter Components.
Material Solubility Parameter AEV Molar Volume
(cal. 1tycm 3'2)25oC (kcal./mole) (cm3/mole)
Epon 828 10.42 28.92 266
tBPK 10.75 32.37 280
MePK 11.32 29.76 232
PhPK 10.67 35.24 310
BPAPK3 10.82 38.87 332
DDS b 12.4 25.56 165
MDA 11.4 26.16 204
E828-DDS (reacted)0 11.7
Bisphenol A-based poly(aryl ether ketone) used in this laboratory by Thompson
Contribution of the sulphone linkage was estimated from data given by Fedors
Value reported by Bucknall et al. 101
Given a qualitative understanding of both the change in enthalpy of mixing
and the entropy of mixing, as a function the thermoset curing, general conclusions
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abou, the phase separation process can be made. The enthalpy of mixing ,erm
associated with solubilizing ,BPK in E828 is suggested to be small because of the
similarly between the solubility parameters of the two components. However, after
the DDS curing agent is added and network fonnation begins, the solubility
parameter of the epoxy/amine network is seen to increase, Table 3.5. This change in
the solubility parameter raises the enthalpic energy of mixing and favors an
immiscible system.
The other driving force determining miscibility is the entropic energy of
mixing. Initially, the E828 acts as a solvent for the miscible tBPK reactive
thermoplastic oligomer. The epoxy has a relatively low molecular weight of 340
g/mole and was found to be very effective at solubilizing the 3100 Mn tBPK. The
entropic energy of mixing for this system, while not as large as that found in low
molecular weight systems, is still significant compared with the extremely small
values known to exist for high molecular weight polymer-polymer systems.
However, the addition of the curing agent, and subsequent network
fonnation, will reduce the entropic energy of mixing to near zero as the network
approaches gelation and an infinite molecular weight. The rate at which the entropic
energy of mixing decreases will depend on the rate of network formation. The
change in the thermodynamic quantities which initially created a miscible system
now are driving the multi-component system towards immiscibility.
At the same time thermodynamic factors are driving these
thermoplastic/thermoset systems towards immiscibility and phase separation, kinetic
factors, are retarding this process. The viscosity of the system, as it approaches
gelation, increases dramatically. The increase in viscosity impedes phase separation
and once the thermosetting system has gelled, the molecular diffusion required for
further phase separation can no longer occur. In addition, because the epoxy and the
amine-temtinated reactive thermoplastic oligomer are allowed to pre-react before the
curing agent is added, the reactive thermoplastic oligomer is chemically bound into
.he forming network. In conclusion, while the thermodynamic factors that initially
favored mobility have changed to favor immobility, diffusional kinetic factors
prevent the system from macroscopically phase separating. As a result,
microscopically phase separated resins, with different levels of phase mixing, are
observed. Chapter 4 discusses in further detail the gelation, vitrification, and phase
separation behaviour of these systems.
The phase separated morphology of these resins has been shown above to
influence the fracture energy properties of these systems. The thermomechanical
properties are also dependent on the phase separated morphology. While the DSC
data, discussed above, describes the thermal transitions associated with each phase
the effect of temperature on the viscoelastic properties of the resins was determined
by dynamic mechanical analysis. Figures 3. 15 - 3.20 display the dynamic
mechanical properties as a function of temperature for the 3100 M
n tBPK/E828-DDS
resins. Several different types of behaviour are evident from this data. The neat
E828-DDS resin has a single transition from the glassy to rubbery state and a
corresponding single loss modulus peak. This type of behaviour is characteristic of a
single phase material. The 7.7% 3100 Mn tBPK/E828-DDS resin also has only a
single transition from the glass to rubber state, as is shown in Figure 3.16, despite
possessing two distinct phases, Figure 3.6. It appears that the DMA is not sensitive
enough, in the three-point-bend mode, to measure the glass to rubber transition of the
thermoplastic-rich inclusions embedded in the thermoset-rich matrix.
Two distinct transitions are, however, evident in the 16.0% 3100 M
n
tBPK/E828-DDS resin system, Figure 3.17. Loss modulus peaks at 167°C and
207°C characterize these transitions. The morphology of this system, shown in
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Figure 3.7, shows that the thermoplastic-rich phase is again the included phase and
the 167°C transition corresponds to the softening of these inclusions from a glass to a
rubber. The storage modulus drops from 1800 MPa to 1400 MPa in this region. The
resulting material is now similar to a rubber-modified epoxy as the thermoplastic-
rich phase no longer possesses a large modulus. The 207°C transition corresponds to
the softening of the continuous phase from a glassy state to a rubbery state.
The 30% 3100 Mn tBPK/E828-DDS resin also has two distinct transitions,
163°C and 202°C as shown in Figure 3.18. This system possesses a mixed
continuous phase morphology, shown in Figure 3.8. The softening of the
thermoplastic-rich phase in this system reduces the modulus much more significantly
than the 16.0% loading level system as the storage modulus drops to less than 500
MPa. After the partially continuous thermoplastic-rich phase passes through its glass
transition temperature the only remaining high-modulus load-bearing component is
the thermoset-rich phase. Therefore, the large decrease in the storage modulus of
this resin is again attributable to the morphology. The glass to rubber transition of
the thermoset-rich phase occurs at 202°C and the material goes to a completely
rubbery state at subsequently higher temperatures.
The 34.2% 3100 Mn tBPK/E828-DDS resin, which has a thermoplastic-rich
continuous phase with thermoset-rich inclusions, Figure 3.9, has another
characteristic dynamic mechanical response associated with its phase inverted
morphology. Once the thermoplastic-rich continuous phase goes through its glass to
rubber transition the storage modulus drops completely to the rubbery state. After
the thermoplastic-rich phase has gone through its respective T
g ,
and before the
thermoset-rich phase has reached its glass transition temperature, the material is
essentially a rubber filled with hard thermoset spheres. The thermoset-rich transition
occurs at 200°C and after this temperature the material is completely rubbery.
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The dynamic mechanical characteristics of the 44.5% loading level material
are s.tn.lar to the above resin, except the transition assoctated w,th the thermoset-rich
Phase is not observed, Figure 3. ,0. The continuous phase has softened too much to
allow for the observation of the higher temperature thermoset-rich phase transition
while in the three-point-bend mode.
The above demonstrated ability to incorporate thermoplastic-like toughness
characteristics into resins that possess thermoset-like processing characteristics is
unique. The desirable thermoplastic mechanical properties are incorporated into the
system by initially dissolving the reactive thermoplastic oligomer into the epoxy and
chemically reacting it into the forming network. Reactive oligomers of controlled
molecular weight are essential to maintain low viscosity liquids that can be processed
without the aid of solvents. The epoxy functions as a processing intermediate in the
desired thermoplastic-rich continuous phase morphology materials. The epoxy
initially solubilizes the thermoplastic and, then, upon reacting with the DDS curing
agent becomes immiscible with the thermoplastic and results in a phase separated
system. Because the epoxy is only desired for its processing characteristics and not
its mechanical properties, having it result as the predominantly insignificant included
phase and allowing the more ductile thermoplastic-rich phase to be continuous,
creates a system that processes as a thermoset and yet has thermoplastic-like
mechanical properties. The phase separation process was qualitatively shown to
depend on both entropic effects, network formation, and enthalpic effects, solubility
parameter changes, and retarded by kinetic factors, viscosity and gelation.
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Tne 3100 M„ tBPK/E828-DDS resins were shown to display chree
morphologically distinct states that determine their thermal and mechanical
properties. A three-fold increase in the fracture energy was observed without a
significant decrease in the modulus. The toughest resins have ductile energy
absorbing thermoplastic-rich continuous phases with thermoset-rich inclusions,
34.2% and 44.5% loading levels, while the more brittle, lower loading level
materials, 7.7% and 16.0%, had thermoset-rich continuous phases with
thermoplastic-rich inclusions. The 24.9% loading level system possessed a mixed
continuous phase morphology and had a fracture energy intermediate between the
thermoset-rich continuous phase system and the thermoplastic-rich continuous phase
system.
It was further demonstrated that the fracture resistance of these systems could
be very well modeled by relating the average molecular weight between crosslinks of
the continuous phase with the critical stress intensity factor. Thermal properties,
identified by both DSC and DMA, were used in conjunction with the Fox Equation
to elucidate the nature of the two phases that had glass transition temperatures greater
than that of the neat thermoplastic and less than that of the neat thermoset. The
characterized phase mixing led to the determining of a proportional relationship
between the critical stress intensity factor and the average molecular weight between
crosslinks of the continuous phase. The observed proportionality between these two
variables may indicate that a single fracture mechanism, dependent on the molecular
weight between crosslinks of the continuous phase, exists. This relationship, if valid,
indicates that the nature of the inclusion in these reactive thermoplastic oligomer
resin systems is insignificant, and that the fracture resistance of these resins is
determined by the nature of the continuous phase. The next subsection, detailing the
results of a 3100 M
n MePK/E828-DDS resin system, provides further evidence of
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this relationship. SEM micrographs of the fracture surfaces in the crack propagation
regions showed significant degrees of yielding occurring in the thermoplastic-
modified thermosets relative to the unmodified thermoset.
The dynamic mechanical properties were also shown to be dependent on the
phase separated morphology. At temperatures below the T
g
of either phase, the
resins have storage moduli similar to the measured flexural moduli. Above the glass
transition temperature of the thermoplastic-rich phase, but below the glass transition
temperature of the thermoset-rich phase, three different types of materials were
observed; rubbery inclusions in a thermoset matrix, 7.7% and 16.0% loading levels,
rubbery thermoplastic-rich matrices with glassy thermoset-rich inclusions, 34.2% and
44.5% loading levels, and a rubber and glass mixed continuous phase system, 24.9%
loading level. The wide range of thermal properties demonstrate the diverse nature
of materials that can be attained from these thermoplastic/thermoset resins. The
following subsections detail the results that were achieved from the incorporation of
3100 Mn MePK and 2600 Mn PhPK into E828-DDS.
Methylhydroquinone-Based Poly(aryl ether ketone)/Epoxy-Amine
Resin Systems
Results
Resin Formulation
The methylhydroquinone-based poly(aryl ether ketone), MePK, used for this
series of experiments was a 3100 Mn amine-terminated reactive thermoplastic
oligomer. A DSC scan of this oligomer and the other low molecular weight
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oligomers, used for this section, are shown in Figure 3.3. Four resins, incorporating
7.7%, 16.0%, 24.9%, and 34.2% MePK by weight, were formulated. (Subtracting
the DDS weight, these same resins correspond to 10%, 20%, 30%, 40%, and 50%
(w/w) MePK/E828.) All of the oligomers were incorporated into Epon 828 epoxy
and cured with a stoichiometric amount of DDS. The thermal, mechanical, and
morphological properties of these resins are discussed in the following sections.
3100 Mn MePK/E828-DDS Resin Mechanical Properties
The modulus of the 3100 M
n MePK/E828-DDS resins as a function of
reactive thermoplastic oligomer loading level is shown in Figure 3.22. The moduli
of these resins are shown to essentially independent of the thermoplastic oligomer
loading level. Figure 3.23 displays the fracture energy as a function of reactive
thermoplastic oligomer loading level over the same range as shown in Figure 3.22.
The fracture energy of the 7.7% loading level appears to be anomalously high, while
the remaining fracture energy data increases as a function of reactive thermoplastic
oligomer loading level. A fracture energy 290% greater than that of the neat E828-
DDS resin has been achieved.
3100 Mn MePK/E828-DDS Resin Morphological Properties
Transmission electron micrographs of the 7.7% and 34.2% loading level 3100
Mn MePK/E828-DDS resin systems are shown in Figures 3.24 and 3.25. Two
different phases, a light region and a dark region, are present. The dark regions
correspond to the thermoplastic-rich phase while the lighter regions correspond to the
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Figure 3.22. Modulus as a function of reactive thermoplastic oligomer
loading level for the 3100 Mn MePK/E828-DDS resin system.
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Figure 3.23. Fracture energy as a function of reactive thermoplastic oligomer
loading level for the 3100 M
n MePK/E828-DDS resin system.
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thermoset-rich phase. The 7.7% loading level material has both large and small
thermoplastic-rich inclusions while the 34.2% loading level material has only very
small dark thermoplastic-rich inclusions. The thermoplastic-rich continuous phase
and the mixed continuous phase morphologies, observed previously, are not present
in this system.
Scanning electron microscopy results of the compact tension sample fracture
surfaces did not reveal any significant information.
3100 Mn MePK/E828-DDS Resin Thermal Properties
Differential Scanniny CalflCimEtq The normalized differential scanning
calorimetry results of the above resins are shown in Figure 3.26. Again the DSC
scan of the neat E828-DDS resin, (1), and the neat 3100 M
n MePK thermoplastic,
(6), are shown for comparative purposes. With the exception of the 7.7% 3100 M
n
MePK/E828-DDS all of the resins appear to exhibit only one glass transition
temperature. The exact transition temperatures will be shown in a summary table.
Dynamic Mechanical Measurements The 1 Hz dynamic mechanical data
as a function of temperature for the 3100 M
n MePK/E828-DDS resins all exhibited
qualitatively the same behaviour. A representative plot of the 34.2% 3100 Mn
MePK/E828-DDS resin system is shown in Figure 3.27. Only one transition from
the glass to rubber state for this resin, and all of the others, is apparent.
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Figure 3.26. DSC traces of the 3100 Mn MePK/E828-DDS resin system as
a function of thermoplastic oligomer loading level. (1) 3 100 Mn MePK.
(2) 7.7% 3100 MntBPK. (3) 16.0% 3100 Mn MePK. (4) 24.9%
3100MnMePK.(5) 34.2% 3100 Mn MePK. (6) E828-DDS.
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3100 Mn MePK/E828-DDS Resin Processing Properti
The 3100 Mn MePK reactive thermoplastic oligomer was noj readily soluble
in Epon 828. Processing temperatures ranging from 170°C for the 7.7% loading
level material to 200°C for the 34.2% loading level were required. The viscosities of
the 7.7% and 16.0% loading level resins were, at their respective mixing
temperatures, slightly greater than that of water. The 24.9% and 34.2% reactive
thermoplastic oligomer loading level resins had much higher viscosities, even at the
higher processing temperatures, and were barely processable without the aid of
solvent. The DDS curing agent was soluble in the MePK/E828 miscible mixture for
all of the loading levels, but the high processing temperature reduced the gel time of
these systems significantly. The B-stage properties of these resins were similar to
those of the 3100 Mn tBPK/E828-DDS resin system. The 7.7% and 16.0% loading
level systems had excellent room temperature tack and drape while the 24.9% and
34.2% resins had adequate drape and relatively poor tack characteristics.
3100 Mn MePK/E828-DDS Resin Property Summary
The thermal, mechanical, and morphological properties of the above resin
systems are summarized in Table 3.6 and shown on the next page.
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3.6. Thermal, Mechanical, and Morphological Properties of
3100 Mn MePK/E828-DDS Resins.
Loading GIC KIC Modulus Tg (DMA) Tg (DSC) Phase Sep.
Level (%) (J/m2) (MN/m 3/2) (GPa) (°C) (°C) (A, B)+
0 260 0.79 2.41 213 219 A
7.7 723 1.35 2.52 210 141,206 B
16.0 322 0.91 2.56 196 197 B
24.9 662 1.26 2.39 180 187 B
34.2 751 1.38 2.57 175 181 B
+ A
-
single phase, B = thermoset continuous phase with thermoplastic inclusions
3100 Mn MePK/E828-nnS Rpsin Discussion
In the previous section the thermal and mechanical properties of the 3100 M
n
tBPK/E828-DDS resin system were shown to be dependent on the phase separated
morphology. Three unique morphologies, each with two distinct phases, were
identified and the resistance of the material to fracture, as determined by the critical
stress intensity factor, was shown to be proportional to the average molecular weight
between crosslinks of the continuous phase. The phase separated morphologies of
the 3100 Mn MePK/E828-DDS resins, however, are quite different. Only one
morphology, thermoplastic-rich inclusions incorporated into a thermoset-rich matrix,
is observed, Figures 3.24 and 3.25. The phase mixing of the MePK system as
determined by TEM area measurements is also much greater than that which was
observed in the previous tBPK system. Less than 5 percent of the added
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thermoplastic appears to have phase separated in any of the resin systems and only
one glass transition temperature in all but the 7.7% loading level resin, where distinct
inclusions on the order of 5 microns were evident, was observed from DSC and
DMA results. These results are indicative of a system that is nearly miscible.
The Fox Equation was used as in the previous subsection to determine the
average molecular weight between crosslinks of the continuous phase. The
applicability of the Fox Equation can be readily examined in this system by assuming
it is one-phase and comparing the predicted glass transition temperatures with those
observed experimentally. The data represented in Figure 3.28 shows that the
experimentally measured glass transition temperatures are in excellent agreement
with the Fox Equation predicted values. The continuous phase average molecular
weight between crosslinks has again been determined using the weight fractions
predicted from the Fox Equation.
Figure 3.29 is a plot of the average molecular weight between crosslinks of
the continuous phase as a function of the critical stress intensity factor for both the
3100 Mn MePK/E828-DDS system as well as the previously determined 3100 M
n
tBPK/E828-DDS system. A linear relationship between the average molecular
weight between crosslinks of the continuous phase and the critical stress intensity
factor, having a least squares linear regression coefficient of 0.921, is again apparent.
(The fracture data of the 7.7% MePK loading level sample, possessing a very large
KIC and subsequently large GIC value, appears to be an anomalous result. Only four
KIC measurements were made compared to the normal 10 - 15. The difficulties
associated with machining this material may have led to poor compact tension
sample pre-cracking which is known to result in anomalously large fracture energies.
These effects would be very significant with such few samples and is probably the
source of error. Therefore, the fracture data of this resin will be ignored.) The linear
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Figure 3.28. Observed 3100 Mn MePK/E828-DDS resin glass transition
temperatures compared with Fox Equation predicted glass transition
temperatures.
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Figure 3.29. Critical stress intensity factor as a function of the average
molecular weight between crosslinks of the continuous phase of the 3100
M
n MePK/E828-DDS resin and the 3100 Mn tBPK/E828-DDS resin.
158
relationship between the average molecular weight between crosslinks and the
critical stress intensity factor is again indicative of a single fracture mechanism. The
major difference between the two resins systems, however, is the slope of the two
lines. The MePK resins appear to increase in fracture resistance at a much greater
rate
In general, the resistance of a material to fracture is proportional to its ability
to absorb energy. The absorption of energy is in turn proportional to the ductility of
the material and the relative amount of energy absorbing material per unit volume.
In the previous section dealing with the two phase morphology of the 3100 Mn
tBPK/E828-DDS resins, it was postulated that the resistance of these systems to
fracture was proportional to the average molecular weight between crosslinks of the
continuous phase and essentially independent of the inclusions and their nature.
Therefore, the 3100 Mn tBPK/E828-DDS resins have a combination of high ductility
and moderate amounts of energy absorbing material per unit volume, dependent on
the continuous phase volume fraction.
The essentially single phase MePK resins, on the other hand, possess the
maximum energy absorbing material per unit volume, and moderate ductility.
Consequently, despite having a lower average molecular weight between crosslinks,
they are more resistant to fracture because they absorb more energy for a given
sample volume. Therefore, the morphology of the system as well as it relative
ductility appear to be controlling factors in determining the fracture behaviour.
The average molecular weight between crosslinks of the continuous phase
appears to be proportional to the critical stress intensity factor in both systems.
Assuming that the mechanism is the same in each system and the relative volume
fraction of the continuous phase is proportional to the magnitude of the fracture
resistance, the data of the two phase tBPK/E828-DDS resins can be normalized by
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dividing by the volume fraction of the continuous phase. Figure 3.30 shows the
normalized Critical stress intensity factor data of each system as a function of the
average molecular weight between crosslinks of the continuous phase. All of the
data, except for the 40% 3 100 Mn tBPK/E828-DDS, appear on the same line. A
least squares regression coefficient of 0.954 was determined. This data is further
evidence that the failure mechanism of these resins is proportional to the average
molecular weight between crosslinks of the continuous phase.
The single phase morphology may be related to the processing characteristics
of the MePK resin system. As was noted above, these reactive thermoplastic
oligomers were not readily soluble in Epon 828. Even at the low loading levels,
7.7% and 16.0%, processing temperatures of 30°C - 40°C higher than the tBPK
resins were required. Attempts to process these oligomers in their amorphous state
instead of the as-synthesized semi-crystalline state, yielded the same processing
characteristics. Table 3.5 shows that the solubility parameter of these oligomers is
significantly larger than either the tBPK or the PhPK resins. A larger solubility
parameter would result in a larger enthalpy of mixing and subsequently require a
higher processing temperature to attain miscibility in a system of equivalent
molecular weight relative to tBPK. These characteristics were observed and possibly
explain the processing differences.
The resulting weakly phase separated morphology may also be explained by
the processing characteristics. The large parameter of MePK is similar to that
associated with the reacted epoxy-amine network. This would result in a small
enthalpy of mixing and favor miscibility more than that observed in the tBPK resins.
In addition to this decrease in the phase separating driving force, the viscosity of the
MePK resins, upon transferring to the sheet mold, was much greater than the
previous systems. The larger viscosity most likely is the result of extended network
160
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Figure 3.30. Normalized critical stress intensity factor as a function of the
average molecular weight between crosslinks of the continuous phase of the
3100 Mn MePK/E828-DDS resin and the 3100 Mn tBPK/E828-DDS resin.
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formation resulting from the higher processing temperatures. The increased viscosity
should further hinder phase separation as the molecular diffusion necessary to
achieve a phase separated system is reduced. Therefore, it appears that the overall
driving force for network formation induced phase separation has been substantially
reduced in the 3100 Mn MePK/E828-DDS resin systems and results in the observed
near single phase morphologies.
The observed single phase morphology also explains the thermal
characteristics of these resins. The presence of only one T
g
in both the DSC and
DMA results are indicative of a single phase material. The transitions associated
with the included phase were not readily observed, except for the 7.7% loading level,
by either technique suggesting that the included phase has very similar properties to
that of the continuous phase or that the techniques are not sensitive enough to
measure the transitions associated with such small relative volumes. (Very small and
very broad transitions observed by DSC near 135°C may be associated with the
thermoplastic
-rich phase, but its magnitude preclude characterizing it as a
recognizable T
g .)
Therefore, the thermomechanical properties of these resins were
observed to go through only one glass to rubber transition temperature characteristic
of its average molecular weight between crosslinks.
The 3100 Mn MePK reactive thermoplastic oligomer was semi-crystalline,
Figure 3.3. The methylhydroquinone-based poly(aryl ether ketone) was the only
oligomer of this effort to have semi-crystalline properties. It was hoped through the
incorporation of this oligomer into the epoxy/amine network that the semi-crystalline
characteristics of the thermoplastic could be achieved in the phase separated
morphology. However, crystallinity in the reactive thermoplastic oligomer modified
resins was not observed by either DSC or WAXS. Attempts to induce crystallinity
through annealing were not successful.
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It is believed that the crosslinked nature of the thermoplastic/thermoset
system and phase mixing prevents the MePK from crystallizmg. In addition, only
low molecular weight derivatives of MePK were shown to be semi-crystalline in
Chapter 2. After becoming attaining an amorphous state the crystallinity of the
MePK oligomers could only be regained after long time heat treatments or solvent
casting. The limited mobility, and the incorporation of significant quantities of
epoxy-amine, is believed to preclude any potential for inducing crystallinity in the
MePK-based reactive thermoplastic oligomer/thermoset systems. If a highly
crystalline material could be incorporated into these systems and high degrees of
phase separation could be achieved semi-crystalline properties may be observed.
However, highly crystalline materials are generally insoluble and, therefore, not
applicable to this technique.
3100 Mn MePK/EX2X-nnS R^jn Cnnri..^
The incorporation of 3100 M
n MePK reactive thermoplastic oligomer into
E828-DDS was found to require much higher processing temperatures and resulted
in near single phase resins. The limited amount of phase separation resulted in resins
having thermoset-rich continuous phases with thermoplastic-rich inclusions.
However, less than five percent of the phase separated morphology was observed to
be thermoplastic-rich and only one glass transition temperature was observed by
DSC and DMA in all but the lowest loading level system. The larger solubility
parameter associated with MePK may account for the initially higher processing
temperatures and the absence of significant phase separation.
The Fox Equation was again used to determine the average molecular weight
between crosslinks of the continuous phase. Excellent agreement between
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experimentally observed glass transition temperatures and the Fox Equation
predicted glass transition temperatures was shown. The fracture resistance of the
resins were shown to be proportional to the average molecular weight between
crosslinks of the continuous phase, again suggesting a single fracture mechanism.
The linear relationship between KIC and the average molecular weight between
crosslinks of the continuous phase was shown to be similar to that observed in the
3100 Mn tBPK/E828-DDS resins. The larger slope was attributed to the single phase
morphology of the MePK resins. Because the fracture characteristics appear to be
dominated by the nature of the continuous phase, the highly phase separated tBPK
resins possess less energy absorbing material per unit volume and subsequently are
less fracture resistant with respect to the molecular weight between crosslinks of the
continuous phase. However, normalizing KIC with respect to the relative TEM
observed continuous phase resulted in a single linear relationship between KIC and
the average molecular weight between crosslinks of the continuous phase. This
linear relationship of normalized data further indicates that the properties of the
continuous phase dominate the mechanical properties and that the effect of the
inclusions appears to be insignificant.
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Phenylhydroquinone-Based Poly(aryl ether ketone)/Epoxy-Amine
Resin Systems
Results
Resin Formulation
The phenylhydroquinone-based poly(aryl ether ketone), PhPK, used for this
senes of experiments was a 2600 M
n amine-terminated reactive thermoplastic
oligomer. A DSC scan of this oligomer and the other low molecular weight
oligomers used for this section is shown in Figure 3.3. Four resins, incorporating
7.7%, 16.0%, 25.0%, 30.7%, and 44.7% PhPK by weight, were formulated.
(Subtracting the DDS weight, these same resins correspond to 10%, 20%, 30%, 36%,
and 50% (w/w) PhPK/E828.) All of the oligomers were incorporated into Epon 828
epoxy and cured with a stoichiometric amount of DDS. The thermal, mechanical,
and morphological properties of these resins are discussed in the following sections.
2600 Mn PhPK/E828-DDS Resin Mechanical Properties
resin
The fracture behaviour characteristics of the 2600 M
n PhPK/E828-DDS
systems were similar to those exhibited by the 3100 M
n tBPK and 3100 Mn MePK
resins at the 7.7%, 16.0% and 25.0% loading levels, but were markedly different at
the higher loading levels. The fracture energy increased slightly at the 7.7% and
16.0% loading levels, and a much larger increase was observed at the 25.0% loading
level. However, subsequent addition of the 2600 M
n PhPK did not result in any
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further increases in toughness. The modulus data was found to be essentially
constant, within experimental error, over the entire thermoplastic oligomer loading
level range.
2600 Mn PHPK/E828-DDS Resin Morphological Propertles
Transmission electron micrographs of the 7.7% and 30.7% loading level 3100
M
n PhPK/E828-DDS resin systems are shown in Figures 3.31 and 3.32. Two
different phases, a light region and a dark region, are present. The dark regions
correspond to the thermoplastic-rich phase while the lighter regions correspond to the
thermoset-rich phase. The 7.7% loading level material has a thermoset-rich
continuous phase with thermoplastic-rich inclusions and is similar to low loading
level morphologies that have been observed previously. The 30.7% loading level
material has a mixed continuous phase that is very different than the mixed
continuous phase morphologies observed in the 3100 Mn tBPK/E828-DDS resin
system. Rather than possessing two distinct phases with inclusions of one in the
other, the phases appear to be highly mixed and very weakly separated.
The fracture surfaces were not examined with scanning electron microscopy.
2600 Mn PHPK/E828-DDS Resin Thermal Properties
Differential Scanning CalnrimPtry The differential scanning calorimetry
results of the 7.7% loading level resin displayed two distinct transitions. The DSC
glass transitions of the 16.0%, 25.0%, and the 30.7% loading level resins were very
broad while the 44.7% loading level resin Tg was distinct. The breadth of the
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intermediate loading level resins made the determining of an accurate Tg difficult.
The exact transition temperatures will be shown in a summary table.
PYnamir Minimi Mmirmm , The 1 Hz dynamic mechanical data
as a function of temperature for the 3100 M
n PhPK/E828-DDS resins all exhibited
qualitatively the same behaviour. A single transition from the glassy state to the
rubbery state was apparent. The loss modulus peaks of the 7.7% and 16.0% loading
level materials were broader than the higher loading level materials, possibly
indicative of thermoplastic-rich phase softening, but only a single peak was evident.
The exact transition temperatures will be shown in a summary table.
2600 Mn PhPK/E828-DDS Resin Processing Proper!les
The 2600 Mn PhPK reactive thermoplastic oligomer was readily soluble in
Epon 828. A processing temperature of 140°C for all of the loading levels was
adequate for facile dissolution. The viscosities of all but the 44.5% loading level
resin were quite low and resulted in easy handling. The DDS curing agent was
soluble in all of the PhPK/E828 miscible mixtures. The B-stage properties of these
resins were similar to those of the 3100 Mn tBPK/E828-DDS resin system. The
7.7% and 16.0% loading level systems had excellent room temperature tack and
drape while the 25.0%, 30.7%, and 44.7% resins had adequate drape and relatively
poor tack characteristics.
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2600 Mn PhPK/E828-DDS Resin Property Summary
The thermal, mechanical, and morphological properties of the above resin
systems are summarized below in Table 3.7.
Table 3.7. Thermal, Mechanical, and Morphological Properties of
2600 M
n PhPK/E828-DDS Resins.
Loading GIC KIC Modulus Tg (DMA) Tg (DSC) Phase Sep.
Level (%) (J/m 2 ) (MN/m 3/2) (GPa) ' CO (°Q (A, B,C)+
0 260 0.79 2.41 213 219 A
7.7 307 0.84 2.29 206 172, 205 B
16.0 322 0.89 2.47 193 190b B
25.0 580 1.17 2.36 166 167b C
30.7 299 0.85 2.40 167 171 b C
44.7 447 1.07 2.56 164 166 C
A = single phase, B = ihermoset continuous phase with thermoplastic inclusions
C = Mixed continuous phases
broad glass transition temperature
2600 Mn PhPK/E828-DDS Resin Discussion
In the previous subsection the thermal and mechanical properties of the
thermoplastic/thermoset resins were shown to be dependent on the morphology of the
system. Two different types of morphologies were observed in this resin system, a
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thermoset-rich continuous phase with thennoplastic-rich inclusions at the 7.7% and
16.0% loading levels, similar to those seen previously, and a highly dispersed mixed
continuous phase system, not before evident, at the higher loading levels. The
observation of only one glass transition temperature in all but the 7.7% loading level
material again suggests a highly mixed system, possibly single phase system, but the
TEM micrographs clearly show two phases.
The Fox Equation was again used to determine the average molecular weight
between crosslinks of the continuous phase in the phase separated materials. The
Fox Equation was also used in the mixed continuous phase resins where only one
sharp glass transition temperature, indicative of a homogeneous network, was
apparent. A plot of the average molecular weight between crosslinks is shown in
Figure 3.33 as a function of the critical stress intensity factor. A proportional
relationship between the 0%, 7.7%, 16.0% and 44.7% loading level resins is evident,
a least squares regression coefficient of 0.94, and, again, may be characteristic of a
single fracture mechanism. The slope of this system is similar to that observed in the
3100 Mn tBPK/E828-DDS resin system. Normalizing the critical stress intensity
factor data of the phase separated resins, 7.7% and 16.0% loading levels results in
values that have the same proportional relationship that was seen previously in
Figure 3.30. (These data points, and later data to be presented, will be shown in a
later figure summarizing the normalized linear relationship.)
The mixed continuous phase morphologies observed in this system, as well as
in the previous resin systems, may have different fracture mechanisms. The highly
mixed nature of these resins may be inducing alternative fracture mechanisms
possibly accounting for the difference in the fracture characteristics. The absence of
a single continuous phase eliminates the opportunity to normalize the fracture
behaviour of the mixed morphology resins.
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Figure 3.33. Critical stress intensity factor as a function of the average
molecular weight between crosslinks of the continuous phase of the 2600
Mn PhPK/E828-DDS resin system.
172
The cause of the phase separation observed in these resins may be related to
the processing properties. The PhPK oligomers were readily soluble in E828 at
140°C similar to the tBPK oligomers. The solubility parameter of PhPK is the
lowest of all the oligomers and solubility was expected. The lower molecular weight
of the PhPK oligomer would also facilitate dissolution. However, the low molecular
weight would not favor phase separation and may, in part, be the cause of the weak
phase separation observed at the higher loading levels. The higher viscosities,
causing limited diffusion, associated with these resins combined with the low
molecular weight may not have created a large enough driving force for distinct
phase separation. The lower loading level materials, 7.7% and 16.0%, had much
lower viscosities which may have led to distinct phase separated morphologies.
The most interesting thermal property of these resins was the breadth of the
glass transition temperature associated with the mixed continuous phase resins.
These broad transitions may be indicative of an inhomogeneous network. This could
possibly be caused by a late phase separation process that effectively separates the
network into two partially reacted systems. If the phases are incompatible enough
post-curing would not be an effective means of reacting the network to completion
and two inhomogeneous, non- stoichiometric networks would result. The mechanical
properties of these networks would, therefore, be reduced. This speculative process
could possibly account for the poor mechanical properties observed at the higher
thermoplastic loading levels.
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The incorporation of 2600 M
n PhPK into E828-DDS resins resulted in
materials that were toughened to a less significant extent than the previous 3100 M
n
tBPK/E828-DDS resins or the 3100 M
n MePK/E828-DDS resins. The lower loading
level materials had morphologies and fracture characteristics similar to the 3100 M
n
tBPK/E828-DDS resin system. However, the resin system was never observed to
phase invert into a thermoplastic-rich continuous phase with thermoset-rich
inclusions at the higher thermoplastic oligomer loading levels. Rather, highly
dispersed mixed continuous phase resins with only one broad T
g
were evident. The
toughness of the two higher loading level resins was also found to be lower than the
intermediate 25.0% loading level system. It was speculated that the low degree of
toughening and the broad glass transition temperature may be indicative of an
inhomogeneous network that is not fully crosslinked and less resistant to fracture.
The resins were found to be readily processable. This result was consistent
with the relatively low solubility parameter and molecular weight of the oligomer.
However, the low molecular weight may have reduced the driving force for phase
separation and been responsible in part for the indistinct phase separation. It could
be postulated that a PhPK resin with low enough molecular weight should be soluble
in the E828-DDS network.
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Low Molecular Weight-Based Reactive Thermoplastic Oligomer
Modified Epoxy-Amine Resin Conclusions
astic
It has been shown that low molecular weight reactive thermopl
oligomers, based on substituted poly(aryl ether ketone)s, are soluble in Epon 828
epoxy at temperatures ranging from 140°C to 200°C. After the addition of DDS
curing agent, the low viscosity mixtures can be readily transferred to sheet molds
through a solventless process. Upon curing these systems are observed to phase
separate into two phases; a thermoplastic-rich phase and a thermoset-rich phase. It
was further shown that the processing characteristics can be related to enthalpic
(solubility parameter) effects, entropic (network formation) effects, and kinetic
(viscosity) factors.
The mechanical fracture resistance properties were shown to be dependent on
the phase separated morphology while the modulus properties were morphology
independent. It was further shown that the average molecular weight between
crosslinks of the continuous phase is proportional to the critical stress intensity
factor, possibly indicative of a single fracture mechanism. Normalizing the fracture
resistance data of the phase separated resins with respect to the volume fraction of
the continuous phase resulted in a single proportional relationship between the
critical stress intensity factor and the average molecular weight between crosslinks of
the continuous phase.
Finally, the thermal properties were also shown to depend on the phase
separated morphology. Thermoset-rich morphologies yielded resins with higher
softening temperatures. It was also shown that the Fox Equation could be used to
estimate the glass transition temperature of the near single phase MePK resins and
could be used to determine the ductility of the phase separated systems.
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Introduction
This section details the results that were attained from the incorporation of
intermediate molecular weight, ~ 5000 - 10,000 M
n , reactive thermoplastic
oligomers into an Epon 828/DDS and an Epon 828/MDA resin system. The section
is separated into three different subsections based on the chemical nature of the three
different substituted hydroquinones. The t-butylhydroquinone-based poly(aryl ether
ketone) resin system is first discussed, followed by the methylhydroquinone-based
resin system, and the phenylhydroquinone-based resin system. The results of these
thermoplastic/thermoset resin systems are related to the results expounded upon in
the previous low molecular weight subsection. A conclusions section summarizes
the important results found in each intermediate molecular weight based resin
system.
t-Butylhydroquinone-Based Poly(aryl ether ketone)/Epoxy-Amine
Resin Systems
Results
Resin Formulation
The t-butylhydroquinone-based poly(aryl ether ketone), tBPK, used for this
series of experiments was a 9000 M
n amine-terminated reactive thermoplastic
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oligomer. Four resins, incorporating 7.7%, 15.9%, 24.4%, and 33.6%, 9000 M
n
tBPK respectively, were incorporated into an E828-DDS resin system. (Subtracting
the DDS weight, these same resins correspond to 10%, 20%, 30%, and 40% (w/w)
tBPK/E828.) Three resins, incorporating 0.0%, 25.7, and 34.8% 9000 M
n tBPK
respectively, were incorporated into an E828-MDA resin system. (Subtracting the
DDS weight, these same resins correspond to 0.0%, 30%, and 40% (w/w)
tBPK/E828.) All of the oligomers were incorporated into E828 and cured with a
stoichiometric amount of curing agent. The thermal, mechanical, and morphological
properties of these resins are discussed in the following sections.
9000 Mn tBPK-Based Resin Mechanical Properties
The thermal, mechanical, and morphological properties of the 9000 M
n
tBPK/E828-DDS and the 9000 Mn tBPK/E828-MDA resin are shown below in
Tables 3.8 and 3.9, respectively. The modulus of each resin system is observed to be
essentially independent of the reactive thermoplastic oligomer loading level. The
fracture data of the 9000 Mn tBPK/E828-DDS resin system is qualitatively similar to
that observed in the 3100 Mn tBPK/E828-DDS resin system. The main difference is
that the magnitudes of the fracture data are much greater for equivalent thermoplastic
oligomer loading levels. The 33.6% loading level 9000 Mn tBPK/E828-DDS resin
possesses a fracture energy 628% greater than that of the neat E828-DDS resin
system.
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Thermal, Mechanical, and Morphological Properties of
9000 M
n tBPK/E828-DDS Resins.
Loading GIC ^IC T„ (DMA)
Phase Sep.
Level (%) VJ/IH ) VMJN/m (GPa) (°C) CO (A, B,C,D)+
0 260 0.79 2.41 213 219 A
7.7 459 1.02 2.26 156,213* 217 B
15.9 474 1.09 2.52 163,210* 156, 207 B
24.4 1161 1.63 2.28 172*, 212 164,216 D
33.6 1633 1.81 2.00 176 169,215 D
A
-
single phase, B = thermoset continuous phase with thermoplasuc inclusions
C = Mixed continuous phases, D = thermoplasuc continuous phase with thermoset
inclusions.
* Transition temperature that corresponds with the largest decrease in the storage
modulus.
Table 3.9. Thermal, Mechanical, and Morphological Properties of
9000 M
n tBPK/E828-MDA Resins.
Loading GIC KIC Modulus Tg (DMA) Tg (DSC) Phase Sep.
Level (%) (J/m2) (MN/m 3/2) (GPa) (°C) (°C) (A. B,C,D)+
0 301 0.81 2.18 175 179 A
27.7 854 1.40 2.28 176 177 B/C
34.8 959 1.47 2.25 171 175 C/D
A = single phase, B = thermoset continuous phase with thermoplastic inclusions
C = Mixed continuous phases, D = thermoplastic continuous phase with thermoset
inclusions.
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The fracture data of the 9000 M
n tBPK/E828-MDA resins also displayed a
large increase in fracture energy with respect to the neat E828-MDA resin. A 319%
increase in the fracture energy, without a significant drop in the glass transition
temperature relative to the neat E828-MDA resin, was observed. However, this
increase is less than that observed in the 9000 M
n tBPK/E828-DDS resin possessing
an equivalent thermoplastic oligomer loading level.
9000 Mn tBPK-Based Resin Morphological Properties
Transmission Electron Mifr0?mr Transmission electron microscopy was
used to characterize the phase separated morphology. Two different phases, a light
region and a dark region, are present. The darker regions are known to correspond to
the thermoplastic-rich phase while the lighter regions are known to correspond to the
thermoset-rich phase. The morphological properties of the 7.7% and 15.9% 9000 M
n
tBPK/E828-DDS resins were essentially equivalent to the 7.7% and 16.0% 3100 M
n
tBPK/E828-DDS resins shown in Figures 3.6 and 3.7 respectively. The main
difference was that the thermoplastic-rich inclusions were 3 - 8 microns in diameter
in this system rather than the 1 - 2 microns as observed in the 3100 M
n tBPK/E828-
DDS resin system. The 24.4% and 33.6% loading levels were, however, different
and are shown in Figures 3.34, 3.35, and 3.36. The 24.4% loading level resin was
phase inverted into the thermoplastic-rich continuous phase with thermoset-rich
inclusions. The 33.6% loading level resin possessed both homogeneous regions of
thermoset-rich inclusions, Figure 3.35, and heterogeneous regions of thermoset-rich
inclusions, Figure 3.36.
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The 9000 Mn tBPK/E828-MDA resin also possessed unique morphologies.
The 27.7% reactive thermoplastic oligomer loading level resin had irregularly shaped
inclusions that appear to nearly form a partially continuous phase, Figure 3.37. The
morphology of the 34.8% loading level resin, Figure 3.38, was on a much smaller
scale than any morphologies observed previously. The thermoplastic
-rich phase
appears to be continuous phase with irregularly shaped thermoset-rich inclusions.
However, the classification of this resin as a mixed continuous phase system is
probably more accurate because of the intricate structure.
Scanning Electron Mirrnsropv Scanning electron micrographs of several
compact tension sample fracture surfaces are shown in Figures 3.39 - 3.43. The
micrographs are taken away from the crack initiation region and are representative of
crack propagation failure. The magnification of the micrographs varies to most
clearly represent the fracture surface. Figure 3.39 is a scanning electron micrograph,
magnified 6000 times, of the 7.7% 9000 Mn tBPK/E828-DDS resin fracture surface
at a 50° tilt. Figure 3.40 is a SEM micrograph of a thermoplastic-rich inclusion of
the 7.7% 9000 Mn tBPK/E828-DDS resin fracture surface. Figure 3.41 is a SEM
micrograph of the 15.9% 9000 M
n
tBPK/E828-DDS resin fracture surface magnified
2000 times at a 35° tilt. Figure 3.42 is a SEM micrograph of the 24.4% 9000 Mn
tBPK/E828-DDS resin fracture surface magnified 500 times at a 30° tilt. Figure 3.43
is a SEM micrograph of the 33.6% 9000 Mn tBPK/E828-DDS resin fracture surface
magnified 1500 times at a 30° tilt. The circular features in all of the figures represent
the included phase.
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Figure 3.39. Scanning electron micrograph of the 7.7% 9000 Mn
tBPK/E828-DDS resin compact tension sample fracture surface.
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Figure 3.40. Scanning electron micrograph of the 7.7% 9000 Mn
tBPK/E828-DDS resin compact tension sample fracture surface magnified
30,000 times.
Figure 3.41. Scanning electron micrograph of the 15.9% 9000 Mn
tBPK/E828-DDS resin compact tension sample fracture surface.
Figure 3.42. Scanning electron micrograph of the 24.4% 9000 Mn
tBPK/E828-DDS resin compact tension sample fracture surface.
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Figure 3.43. Scanning electron micrograph of the 33.6% 9000 Mn
tBPK/E828-DDS resin compact tension sample fracture surface.
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9000 Mn tBPK-Based Resin Thermal Properties
D ifferential .Scanning Calorinietry
. The differential scanning calorimetry
results are shown in Tables 3.8 and 3.9. The neat 9000 M
n tBPK reactive
thermoplastic oligomer had a 164°C glass transition temperature. Two glass
transition temperatures were observed in all of the 9000 Mn tBPK/E828-DDS resins
except for the 7.7% loading level where only one T
g
was apparent. Only one glass
transition temperature was observed in the 9000 M
n tBPK/E828-MDA resins.
Dynamic Mechanical Measurements The 1 Hz dynamic mechanical glass
transition temperatures, defined as the peak in the loss modulus, are shown in Tables
3.8 and 3.9 for the 9000 Mn tBPK/E828-DDS and the 9000 Mn tBPK/E828-MDA
resins. Two distinct glass transition temperatures are observed in all of the 9000 Mn
tBPK/E828-DDS resins, except for the 33.6% loading level resin where only one loss
modulus peak was observed. Only one loss modulus peak was observed in the 9000
M
n tBPK/E828-MDA resins.
9000 Mn tBPK-Based Resin Processing Properties
The 9000 Mn tBPK reactive thermoplastic oligomer was readily soluble in
Epon 828 at 160°C. The viscosity of these resins was dependent on the loading level
of the tBPK. The 7.7% and 15.9% loading levels had very little effect on the
viscosity of the Epon 828 at the 160°C processing temperature. The 24.4% and
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33.6% loading level resins had higher viscosities and were more difficult to transfer
from the mixing vessel to the sheet mold.
The DDS curing agent was also soluble in the tBPK/E828 miscible mixture
for all of the loading levels. The room temperature tack and drape qualities of the
7.7% and 15.9% loading level resins were adequate, however, the room temperature
tack and drape qualities of the 24.4% and 33.6% loading level resins were poor. The
more reactive MDA curing agent had to be added at 125°C to prevent premature
gelation. The viscosities of these resins, because of the lower processing
temperature, were much higher and, subsequently, the resins were more difficult to
process. The room temperature tack and drape qualities of the modified E828-MDA
resins, 27.7% and 34.8% reactive thermoplastic oligomer, were poor and similar to
the 24.4% and 33.6% 9000 M
n tBPK/E828-DDS resins.
9000 Mn tBPK-Baserf Resin Discussion
In both systems the modulus, as a function of the reactive thermoplastic
oligomer loading level, is essentially constant. This is the same result that was
observed in three of the previous four systems. The increase in the fracture energy of
the 9000 Mn tBPK/E828-DDS is shown in Figure 3.44 as a function of the reactive
thermoplastic oligomer loading level. A 628% increase in the fracture energy, with
respect to the neat E828-DDS system, is observed. The 7.7% and 15.9% loading
level resins have approximately the same fracture energies, the fracture energy of the
24.4% is significantly larger, and the fracture energy of the 33.6% loading level resin
represents the largest fracture energy measured in this work. The phase separated
morphology of these systems again explains the increased fracture resistance.
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Figure 3.44. Fracture energy as a function of reactive thermoplastic oligomer
loading level for the 9000 Mn tBPK/E828-DDS resin system.
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Figure 3.34 is the transmission electron micrograph of the 24.4% 9000 Mn
tBPK/E828-DDS resin. The micrograph shows that the thermoplastic-rich phase is
the continuous phase and that the inclusions are thermoset-rich. The phase inversion
into the thermoplastic-rich continuous phase has occurred at a loading level lower
than that observed previously, and the mixed continuous phase morphology is not
evident. The thermoplastic-rich continuous phase resins result in materials
substantially tougher than previously observed at equivalent thermoplastic oligomer
loading levels. The morphology of the 33.6% loading level is shown in Figures 3.35
and 3.36. The thermoplastic-rich phase is again observed to be the continuous phase
but the thermoset-rich inclusions are much different than previously observed. A
heterogeneous mixture of large and small inclusions are observed in some regions,
Figure 3.36, and more homogeneous inclusions are found in others, Figure 3.35.
In the previous low molecular weight reactive thermoplastic oligomer
subsection the average molecular weight between crosslinks of the continuous phase
was determined using the Fox Equation. However, in this system at the 7.7% and
15.9% loading levels, the glass transition temperature of the thermoplastic-rich phase
is less than the T
g
of the neat 9000 M
n
tBPK oligomer. The Fox Equation, by
definition, can not be applied to these systems and, therefore, the average molecular
weight between crosslinks cannot be determined. A thermoplastic-rich phase glass
transition temperature lower than the neat reactive thermoplastic oligomer T
g
may be
indicative of epoxy monomer induced plasticization. If epoxy is trapped within the
thermoplastic-rich phase it could act as a plasticizer reducing the glass transition
temperature.
While no quantitative analysis can be made of the low oligomer loading level
resins, the observation of glass transition temperatures of each phase approaching
that of the neat component is indicative of very little phase mixing. This would
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correspond to large average molecular weights between crosslinks of the
thermoplastic-rich phase and small average molecular weights between crosslinks of
the thermoset-rich phase. If the nature of the continuous phase were controlling the
fracture properties of the low oligomer loading level systems, brittle materials,
resulting from tightly crosslinked continuous phases, would be expected. However,
this is not observed. Rather, low oligomer loading levels result in resins toughened
to a greater extent than that observed in the low molecular weight systems of
comparable thermoplastic oligomer loading levels. Therefore, it appears that the
thermoplastic-rich inclusions are having an appreciable effect on the fracture
behaviour. The cause of this effect is not known, but it may be the result of larger
inclusions, and/or their more ductile nature. These effects may be facilitating
inclusion induced matrix shear yielding, ductile tearing of the inclusions, or other
processes.
The fracture surface of the 7.7% 9000 Mn tBPK/E828-DDS resin, Figure
3.39, appears to show less thermoset-rich continuous phase yielding than the
comparably loaded 3100 M
n
tBPK/E828-DDS resin fracture surface, Figure 3.12, at
an equivalent magnification. This observation is consistent with the observed
thermoset-rich continuous phase ductility decrease. The fracture energy of the 7.7%
9000 Mn tBPK/E828-DDS resin, however, is greater than the fracture energy of the
7.7% 3100 Mn tBPK/E828-DDS resin. Therefore, the 9000 Mn tBPK/E828-DDS
resin thermoplastic-rich inclusions, which are more ductile than the 3100 Mn
tBPK/E828-DDS resin thermoplastic-rich inclusions, are apparently influencing the
fracture behaviour.
Included phase induced shear yielding appears to be decreased in the 7.7%
9000 Mn tBPK/E828-DDS resin. Figures 3.39 and 3.40 show the high degrees of
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thermoplastic-rich phase drawing. (Another interesting fea.nre of these micrographs
is the optical effect of rotating them 180°.) Excellent adhesion between the two
phases must be present to allow for this magnitude of drawing. The energy required
to deform the thermoplastic-rich phase may be accounting for the observed increased
fracture energy.
The fracture surface of the 15.9% 9000 M
n tBPK/E828-DDS resin, Figure
3.41, shows more significant thermoset-rich phase shear yielding. The shear yielded
regions appear to emanating from nearly every thermoplastic-rich inclusion. The
thermoplastic-rich inclusions also appear to have shear yielded radially within several
of the inclusions. Several energy absorbing phenomena appear to be evident in this
fracture surface. However, the fracture energies of both the 7.7% and 15.9% 9000
M
n tBPK/E828-DDS resins are significantly less than the fracture energies of the
24.4% and 33.6% 9000 Mn tBPK/E828-DDS resins.
The fracture surface of the 24.4% 9000 M
n tBPK/E828-DDS resin, Figure
3.42, shows very significant degrees of shear yielding. The resin has a
thermoplastic
-rich continuous phase and a thermoset-rich included phase. The
ductility of the included phase is believed to be very low. The very small circular
regions approximately 5 microns in diameter are believed to be the thermoset-rich
inclusions. The extent of the thermoplastic-rich continuous phase yielding is very
evident at this magnification.
The most interesting feature of the micrograph, however, are the very large,
approximately 80 micron diameter, circular regions. These features were not
observed by transmission electron microscopy. Some of the regions appear
featureless, indicative of the brittle thermoset-rich phase, while other regions appear
to have shear yielded to different degrees indicative of the ductile thermoplastic
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incorporation. The large and small circular regions are indicative of a bimodal
distribution of the thermoset-rich inclusions. It is also possible that within these
large thermoset-rich regions that small thermoplastic-rich regions exist and are
causing the observed yielding.
Figure 3.43 is a SEM micrograph of the 33.6% 9000 M
n tBPK/E828-DDS
resin fracture surface. The magnification of this fracture surface is higher than the
magnification of the previous figure. The featureless fracture of the thermoset-rich
inclusions, and the drawing of the thermoplastic-rich continuous phase are again
evident. The large fracture energies of the thermoplastic-rich continuous phase
materials are consistent with the observed extensive tearing.
As was discussed in the 3100 M
n tBPK/E828-DDS resin section, the
observations of the fracture surfaces are not in the region of crack initiation but are
of the crack propagation region. This region is not indicative of the resistance of the
material to crack initiation but are the results of crack propagation. Therefore, the
direct correlation of these fracture surfaces to the fracture resistance values is not
possible. However, a qualitative understanding of these systems has been achieved.
The Fox Equation can be applied to the 33.6% loading level resin, and an
average molecular weight between crosslinks of the continuous phase of 2161 is
attained. The heterogeneous morphology of this resin makes the continuous phase
volume fraction determination difficult. A 29% volume fraction was measured after
averaging the data of several micrographs. This result is also consistent with the
linear relationship shown previously, Figure 3.30, of the normalized critical stress
intensity factor data. (A summary plot of this data, and data to be shown later, will
be presented in a forthcoming subsection.)
The high degree of phase separation observed in this resin system is most
likely attributable to the higher molecular weight of the reactive thermoplastic
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oligomer. A molecular weight approximately three times greater than that of the
prevtously measured 3100 M„ tBPK/E828-DDS nesin system has resulted in two
phase systems with glass transition temperatures approaching the T, of the neat
component. While the extent of phase separation appears to be much greater in this
system, all of the resins were completely miscible before curing.
The toughening observed in the 9000 M
n tBPK/E828-MDA resin system is
lower than that observed in the 9000 M
n tBPK7E828-DDS resin system. The nature
of the continuous phase can again be used to qualitatively explain the fracture
resistance behaviour. The observed morphologies of the 27.7% and 34.8% loading
level 9000 Mn tBPK/E828-MDA resins are shown in Figures 3.37 and 3.38,
respectively. The 27.7% loading level resin has irregular, partially continuous,
thermoplastic-rich inclusions, while the 34.8% loading level resin displays a very
weakly phase separated structure apparent at a very small scale.
The observation of only a single glass transition temperature, by both DSC
and DMA measurements, in the 9000 M
n tBPK/E828-MDA resins does not allow for
a determination of the nature of the two phases. Approximating the system as a
single phase material to characterize the average molecular weight between
crosslinks did not result in a linear relationship with respect to the critical stress
intensity factor. This suggests that characterizing the fracture behaviour with respect
to the apparent average molecular weight between crosslinks of the resin is either not
accurate or different failure mechanisms are present.
The extent of phase separation in the 9000 M
n tBPK/E828-MDA resins does
not appear to be as complete as the previous 9000 Mn tBPK/E828-DDS resin system.
The lower critical stress intensity factor measured in this system, compared to the
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9000 Mn tBPK/E828-DDS system of a nearly equivalent thermoplastic oligomer
loading level, is indicative of a more tightly crosslinked network achieved by
incomplete phase separation. The morphology of the 34.8% loading level resin
clearly shows that only weak segregation has occurred. This could result from the
material gelling before more distinct phase separation has occurred.
The lack of distinct phase separation was expected in the modified E828-
MDA system because it was more reactive, limiting phase separation diffusion time,
and required lower processing temperatures resulting in higher viscosities that
limited diffusion. The processing variables appear to be the significant factors
causing the unique morphologies. It appears that if high levels of phase separation
are desired, curing agents with low reactivity are necessary.
9000 Mn fBPK-Based R^in flmcjufijpnfi
Incorporating 9000 M
n tBPK into E828-DDS and E828-MDA epoxy-amine
resins resulted in significantly toughened materials. Two phase morphologies were
observed in all of the systems. However, less distinct phase separation was apparent
in the E828-MDA resins and attributed to the more reactive MDA curing agent and
higher processing viscosities.
The thermoplastic-rich phases of the E828-DDS resins had glass transition
temperatures less than or equal to the neat 9000 M
n tBPK oligomer, possibly
indicative of epoxy monomer induced plasticization. The fracture surfaces showed a
variety of energy dissipating phenomena in the crack propagation region dependant
on the morphology of the resin. The Fox Equation was only applied to the 33.6%
loading level resin to characterize the average molecular weight between crosslinks
of the continuous phase. The normalization of the critical stress intensity factor of
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this resin with, respect to the volume fraction of the continuous phase, was consistent
with previously determined normalized data.
The thermoplastic-rich inclusions appear to have a significant effect on the
fracture toughness of the low oligomer loading level resins. The highly crosslinked
thermoset-rich continuous phase was significantly tougher than more ductile
thermoset-rich continuous phase resins observed in the low molecular weight
oligomer systems. The phase separation observed in all of the 9000 M
n tBPK/E828-
DDS resin systems was more complete than any previously observed.
Methylhydroquinone-Based Poly(aryl ether ketone)/Epoxy-Amine
Resin Systems
Attempts to incorporated methylhydroquinone-based poly(aryl ether ketone)s
of intermediate molecular weight into Epon 828 were unsuccessful.
Methylhydroquinone-based reactive oligomers of 5300 Mn and 10,000 Mn were
insoluble in Epon 828 at temperatures up to 200°C. Attempts to process these
oligomers in their amorphous and a semi-crystalline states were unsuccessful.
Extended mixing times at 170°C were also attempted and found to be unsuccessful.
The inability to dissolve the reactive MePK thermoplastic oligomers into the
commercial epoxy eliminates the study of this resin system as a thermoplastic
modifier for thermosetting resins. The methylhydroquinone-based poly(aryl ether
ketone) was also found to be insoluble in MY-720 a Ciba-Geigy tertaglycidyl ether
epoxy and MY-0500, a Ciba-Geigy triglycidyl ether epoxy. These epoxies had
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solubility parameters more similar to that of the methylhydroauinone- based resins,
however, insolubility still resulted.
All attempts to incorporate intermediate molecular weight MePK reactive
thermoplastic oligomers into various commercial epoxies were unsuccessful.
Varying the crystallinity of the MePK, the solubility parameter of the epoxy, and the
processing times and temperatures were all shown to be unsuccessful. The inability
to solubilize MePK into a commercial epoxy did not allow for the evaluation of this
thermoplastic as a modifier for thermosetting resins.
Phenylhydroquinone-Based Poly(aryl ether ketone)/Epoxy-Amine
Resin Systems
Results
Resin Formulation
A phenylhydroquinone-based poly(aryl ether ketone), PhPK, was used for
this series of experiments and had a number average molecular weight of 5500. The
glass transition temperature of this neat reactive thermoplastic oligomer was 141°C.
Two resins, incorporating 24.6% and 33.9% 5500 M
n PhPK were incorporated into
an E828-DDS resin system. (Subtracting the DDS weight, these same resins
correspond to 30%, and 40%, (w/w) PhPK/E828.) All of the oligomers were cured
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with a stoichiometric amount of DOS curing agent. The thermal, mechanical, and
morphological properties of these resins are discussed in the following sections.
5500 M„ PHPK/E828-DDS Resin Mechanical Properties
The thermal, mechanical, and morphological properties of the 5500 M
n
PhPK/E828-DDS resins are shown below in Table 3 10.
Table 3.10. Thermal, Mechanical, and Morphological Properties of
5500 Mn PhPK/E828-DDS Resins.
Loading GIC KIC Modulus Tg (DMA) Tg (DSC) Phase Sep.
Level (%) (J/m2) (MN/m 3/2) (GPa) (°Q (°Q (A, B,C,D)+
0 260 0.79 2.41 213 219 A
24.6 605 1.19 2.34 167 158, 200 C
33.9 1085 1.48 2.04 165 154, 198 D
A
-
single phase, B = thermoset continuous phase with thermoplastic inclusions
C = Mixed continuous phases, D = thermoplastic continuous phase with thermoset
inclusions.
The modulus appears to be decreasing with the increasing reactive thermoplastic
oligomer loading level. The fracture data of the 5500 Mn PhPK/E828-DDS resin
system is qualitatively similar to that observed in the 3100 M
n tBPK/E828-DDS
resin system for equivalent reactive thermoplastic oligomer loading levels. The
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33.9% loading level 5500 Mn PhPK/E828-DDS resin has fracture energy 417%
greater than the neat E828-DDS resin system.
5500 Mn PhPK/E828-DDS Resin Morphological Propertles
The morphological properties of the 24.6% and the 33.9% 5500
M
n PhPK/E828-DDS resins were essentially equivalent to the morphologies of the
24.9% and 34.2% 3100 Mn tBPK/E828-DDS resins shown in Figures 3.8 and 3.9,
respectively. The 24.6% 5500 M
n PhPK/E828-DDS resin possessed a mixed
continuous phase morphology while the 33.9% 5500 Mn PhPK/E828-DDS resin had
a thermoplastic-rich continuous phase with thermoset-rich inclusions.
5500 Mn PHPK/E828-DDS Resin Thermal Properties
Differential Scanning ralnrimpfry The differential scanning calorimetry
results are shown in Table 3. 10. The neat 5500 Mn PhPK reactive thermoplastic
oligomer had a 141°C glass transition temperature. Two glass transition
temperatures were observed in both of the 5500 Mn PhPK/E828-DDS resins. The
transition temperatures were found to be intermediate between the glass transition
temperature of the neat reactive thermoplastic oligomer and the neat epoxy/amine
thermoset.
Dynamic Mechanical Measurements . The 1 Hz dynamic mechanical glass
transition temperatures, defined as the peak in the loss modulus, of the 5500 Mn
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PhPK/E828-DDS resins are shown in Tahi^ i in r» 1 .. .onownin lable3.10. Only one distinct glass transition
temperature was observed in each of the resins. Thus transition corresponded to the
dropping of the storage modulus from the glassy state to the rubbery state, and is
similar to the DMA behaviour shown in Figure 3.20.
5500 Mn PHPK/E828-DDS Resin Processing Proper!les
The 5500 Mn PhPK reactive thermoplastic oligomer was readily soluble in
Epon 828 at 140°C. The viscosity was dependent on the PhPK loading level. The
24.6% loading level had very little effect on the viscosity of the Epon 828 and was
easily poured from the mixing vessel to the sheet mold. The 33.9% loading level
resin had a higher viscosity, but it was still readily handled at 140°C.
The DDS curing agent was also soluble in each of the PhPK/E828 miscible
mixtures. The room temperature drape qualities of the 24.6% and 33.9% loading
level resins were adequate. However, the room temperature tack qualities of these
resins were relatively poor.
5500 Mn PhPK/EX2X-nnS Rp^jn Oisrn^ion
While only two 5500 M
n PhPK/E828-DDS resins were fabricated, the
fracture data suggest behaviour very similar to that observed in the 3100 Mn
tBPK/E828-DDS resin systems. The mixed continuous phase resin, 24.6% loading
level, had a fracture energy significantly larger than the neat E828-DDS resin
suggesting that the effect of the thermoplastic-rich phase was being observed. The
further significant increase in fracture energy at the 33.9% loading level
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corresponded to the thermoplastic-rich continuous phase with thermose.-rich
inclusions. This morphology has been previously shown to exh.bi. the largest
observed fracture energies.
A plot of the critical stress intensity factor as a function of the average
molecular weight between crosslinks of the continuous phase is not informative in
this system as only the 33.9% loading level resin possesses a single continuous phase.
The observation of two different glass transition temperatures, intermediate between
the glass transition temperatures of the neat E828-DDS and the neat PhPK
thermoplastic oligomer, is indicative of phase mixing. TEM area analysis of the
33.9% phase separated resin shows that the continuous phase is 42% of the total area,
larger than the 33.9% of added thermoplastic, further suggesting phase mixing.
Normalizing the critical stress intensity data of this resin with respect to the
volume fraction of the continuous phase shows that the value correlates well with the
normalized data of the low molecular weight based resins. This data is further
evidence that the average molecular weight between crosslinks of the continuous
phase is determining the fracture behaviour of these resins. Materials possessing
thermoplastic-rich phases have inherently higher average molecular weight between
crosslinks and hence better fracture resistance characteristics. Figure 3.45 is a
summary figure of all of the normalized critical stress intensity factor data of the
phase separated resins possessing a single continuous phase and glass transition
temperatures between the neat thermoplastic and the neat thermoset. The appearance
of a single linear relationship describing the fracture behaviour shows that the
ductility and the relative area of the continuous phase are the controlling factors
influencing the toughness of these reactive thermoplastic oligomer modified
thermoset resins.
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Cont. Phase Avg. Mol. Wt. Between Crosslinks
Figure 3.45. Normalized critical stress intensity factor as a function of the
average molecular weight between crosslinks of the continuous phase of the
applicable resins of Chapter 3.
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Tbc thermal properties of these resins were also similar to the thermal
propert.es that were observed in the 3100 M„ tBPK/E828-DDS restns. Two distinct
glass transition temperatures were observed by DSC. The high temperature DMA
transitions were not observed as the resins became to soft to be tested by the three-
poim-bend DMA analysis. Again, the morphology of the continuous phase
determined the glass to rubber transition temperature. The softening of the
thermoplastic-rich phase corresponds with the significant reduction in the storage
modulus.
The solubility of the PhPK in E828 was expected as this resin has a solubility
parameter most similar to the solubility parameter of the epoxy. The distinct phase
separation in this system observed at the 24.6% and 33.9% loading levels is in sharp
contrast to the very indistinct phase separation that was observed in the 2600 M
n
PhPK/E828-DDS resins. The larger molecular weight of the thermoplastic modifier
again appears to have decreased the entropic mixing contribution enough to favor
distinct phase separation during network formation. The improved toughness
associated with this resin system at the high thermoplastic oligomer loading levels,
relative to the 2600 M
n system, appears to indicate that a distinct network structure
has been achieved.
5500 Mn PhPK/E828-nnS Rp.;n Cnnrh.sinn.
An intermediate molecular weight, 5500 Mn , PhPK reactive thermoplastic
oligomer was found to be readily soluble in E828. Upon curing the resin phase
separated into two distinct phases; a thermoplastic-rich phase and a thermoset-rich
phase. The resins were found to be significantly tougher than the neat E828-DDS
207
resin. The phase separated morphology was again shown to determine the thermal
and mechanical properties of the resin. Determmmg the average molecular weight
between crosslinks of the continuous phase of the single continuous phase system,
33.9% loading level, and normalizing the critical stress intensity factor with respect
to the volume fraction of the continuous phase again resulted in a consistent
relationship between these two variables.
Intermediate Molecular Weight-Based Reactive Thermoplastic Oligomer
Modification Epoxy-Amine Resin System Conclusions
The incorporation of intermediate molecular weight reactive thermoplastic
oligomers based on substituted poly(aryl ether ketone)s resulted in significantly
toughened resin systems when the reactive oligomer was soluble in the commercial
epoxy. The tBPK and PhPK oligomers were found to be readily soluble in E828,
while MePK was found to be insoluble. The viscosities of these miscible mixtures
were found to be greater than those of the low molecular weight based systems of
comparable oligomer loading level, but they were still readily processed without the
aid of solvent.
Incorporation of these oligomers into the E828-DDS resin system resulted in
distinct phase separation. The toughest materials had thermoplastic-rich continuous
phases with thermoset-rich inclusions. Determining the average molecular weight
between crosslinks of the single continuous phase, when applicable, using the Fox
Equation again showed good agreement with the normalized critical stress intensity
factor data. This relationship is indicative of a single failure mechanism, dependent
on the ductility of the continuous phase that is applicable to both the intermediate and
low molecular weight based resins. The low loading level 9000 Mn tBPK/E828-
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DDS resins were unusual in that they had T
g
s lower than the neat oligomer and had
significantly large fracture energy relative to the ductility of the thermoset-rich
continuous phase. These properties suggest that the inclusions have a significant
effect on the fracture resistance of these resins.
The phase separation associated with the E828-MDA resins was found to be
much less distinct. This was attributed to the more reactive and more viscous nature
of these resins. The resins were, however, still significantly toughened.
Modified Kpn^y-Amine Resin SYfifr"Vf
Introduction
This section details the results that were attained from attempts to incorporate
high molecular weight, 15,000 M
n , and 19,000 Mn , reactive thermoplastic oligomers
into an Epon 828/DDS resin system and an Epon 828/MDA resin system. The
section is separated into two different subsections based on the chemical nature of the
two different substituted hydroquinones. The t-butylhydroquinone-based poly(aryl
ether ketone) resin system is first discussed followed by the methylhydroquinone-
based system. The results attained from these thermoplastic/thermoset resins are
related to the results discussed earlier. A conclusions section summarizes the
important results.
209
t-Butylhydroquinone-Based Poly(aryl ether ketone)/Epoxy-Amine
Resin Systems
Results
Resin Formulation
The t-butylhydroquinone-based poly(aryl ether ketone), tBPK, used for this
series of experiments was a 15,000 Mn amine-terminated reactive thermoplastic
oligomer. The glass transition temperature of this oligomer was 177°C. Three
resins, incorporating 8.0%, 12.6%, and 17.2% 15,000 M
n tBPK respectively, were
incorporated into an E828-MDA resin system. (Subtracting the DDS weight, these
same resins correspond to 10%, 15%, and 20% (w/w) tBPK/E828.) All attempts to
incorporate any 15,000 M
n tBPK into an E828-DDS resin system resulted in
macroscopic phase separation. The thermal, mechanical, and morphological
properties of these resins are discussed in the following sections.
15,000 Mn tBPK-Based Resin Mechanical Properties
The thermal, mechanical, and morphological properties of the 15,000 Mn
tBPK/E828-MDA resins are shown below in Table 3.1 1. The three modulus data
points are similar in magnitude to previously determined moduli and show no
apparent trend. The fracture data of the 15,000 Mn tBPK/E828-MDA resin system
shows a large increase in resistance to fracture at very low reactive thermoplastic
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oligomer loading levels. These data appear ,o be qualitatively quite different than
the previous systems.
Table 3.1 1. Thermal, Mechanical, and Morphological Properties of
15,000 Mn tBPK/E828-MDA Resins.
Loading GIC KIC Modulus Tg (DMA) T
g
(DSC) Phase Sep.
Level (%) (J/m 2 ) (MN/tn3^) (GPa) (°C) (°Q (A. B.C)+
0 301 0.81 2.18 175 179 A
8.0 696 1.17 1.95 177 172 B/C
12.6 731 1.34 2.47 174 171 B/C
17.2
178
A
-
single phase, B = thermoset continuous phase with thermoplastic inclusions
C = mixed continuous phases
15,000 Mn tBPK-Based Resin Morphological Properties
The morphological properties of the 8.0% and the 12.6% 15000 Mn
tBPK/E828-DDS resins are shown in Figures 3.46 and 3.47, respectively. Two
phases; a light thermoset-rich phase and a dark thermoplastic-rich phase, are evident.
Indistinct phase separation is apparent and mixed continuous phases are possible, but
not obvious.
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15,000 Mn tBPK-Based Resin Thermal Propertles
Differentia l Scanning GafaWStlX. The differential scanning calonmetry
results are shown in Table 3. 1 1. The neat 15,000 M
n tBPK reactive thermoplastic
oligomer has a 177°C glass transition temperature. Only one glass transition
temperature was observed in all of the 15,000 M
n tBPK/E828-MDA resins. The
observed T
g
of the 8.0% and 12.6% loading levels is lower than the T, of both
respective neat phases. The glass transition temperature of the 17.2% loading level
was nearly equivalent to the glass transition temperatures of the neat components.
Dynamic Mechanical Mp^^,rfm^^ The 15,000 Mn tBPK/E828-MD
A
1 Hz dynamic mechanical glass transition temperatures, defined as the peak in the
loss modulus, are shown in Table 3.1 1. Only one distinct glass transition
temperatures was observed in each resin.
15,000 Mn tBPK-Based Resin Processing Properties
The 15000 M
n tBPK reactive thermoplastic oligomer was soluble in Epon
828 at 170°C. The viscosity of these resins was dependent on the loading level of the
reactive thermoplastic oligomer. The viscosity of the 8.0% resin was moderate and
allowed for relatively easy processing. However, the viscosities of the 12.6% and
17.2% loading levels were very high and transfer from the mixing vessel to the sheet
mold was difficult. Attempts to process resins incorporating higher loading levels
resulted in systems that could not be properly mixed with the mechanical stirrer.
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The MDA curing agent was soluble in all of the 15,000 M
n tBPK/E828
tniscible mixtures. Using the more reactive MDA required the mixing temperature to
be reduced to 130°C before its addition to prevent gelation. The room temperature
tack and drape qualities all of the 15,000 Mn tBPK/E828-MDA resins were poor.
Upon cooling the resins change from being transparent to translucent, and it is
believed that the thermoplastic is phase separating from the epoxy mixture and is
responsible for the poor room temperature handling characteristics.
Addition of DDS curing agent to any of the miscible 15,000 M
n tBPK/E828
mixtures resulted in nearly instantaneous macroscopic phase separation. Apparently
the dissolution of the polar DDS into the epoxy increases the solubility parameter of
the mixture enough to favor immiscibility. This result eliminated the opportunity to
fabricate and test 15,000 M
n tBPK/E828-DDS resins.
15.000 Mn tBPK-Baseri Rp.in Qjaqiaaon
The difficulty associated with processing thermoplastic/thermoset resins
based on the high molecular weight reactive thermoplastic oligomer, using a
solventless technique, is the most important result. One of the main objectives of this
research is to investigate resins that can be processed without solvents. The
solubility of the reactive oligomer in the epoxy and its resulting viscosity are the
parameters that determine whether these systems can be easily processed. It is
apparent that the high molecular weight of this tBPK system inhibits both the ability
to process this resin, as well as its solubility in E828-DDS.
The very high viscosities, evident at even low thermoplastic oligomer loading
levels, are unique to this 15,000 Mn oligomer. This may suggest that the
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entanglement molecular weight has been exceeded and ,ha, high v.scosities can no,
be avoided. Although this oligomer b soluble in E828, the addition of DDS caused
macroscopic phase separation nearly instantaneously. This behavtouris indicative of
a system having a very small entropic energy of mixtng and the addttion of the polar
DDS raises the enthalpic energy of mix.ng enough to cause immiscibility. Using the
less polar MDA, which did not induce macroscopic phase separation, required lower
processtng temperatures and resulted in even higher viscosities. As a result the resins
were extremely difficult to process and only the 8.0% and 12.6% loading levels
could be cast into sheet molds in significant quantities to allow for mechanical
testing.
The fracture values associated with the relatively low thermoplastic oligomer
loading levels are quite large. The morphologies of both the 8.0% and the 12.6%
oligomer loading levels show that phase separation has occurred. While the relative
area of the thermoplastic-rich phase is quite small, a continuous line could essentially
be drawn through both the thermoplastic
-rich phase and the thermoset-rich phase of
the TEM micrograph. This implies that a mixed continuous structure exists even
though the volume fraction of the thermoplastic-rich phase is only about 10%.
Nonetheless, the large fracture energy values suggest that the thermoplastic-rich
phase is significantly influencing the mechanical properties. It appears that even a
small fraction of high molecular weight reactive thermoplastic oligomer in a partially
continuous phase yields a kind of tough, energy absorbing, thermoplastic-rich "glue"
intricately bonded with the more brittle thermoset resulting in larger fracture
energies.
The glass transition temperatures of the 15,000 M
n tBPK thermoplastic and
the E828-MDA thermoset, 177°C, and 179°C respectively, are essentially equivalent.
This makes the identification of the two phases, using thermal methods, essentially
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impossib.e. The observation of only one glass transition temperature by both DSC
and DMA are, therefore, no, surprising. However, the magnitude of the 8.0% and
12.6% loading level glass transttion temperatures, about 172°C, is lower than the
value of either of the neat phases. This may again be indicative of epoxy
plasticization of the themtoplastic-rich phase. Epoxy plasticization would lower the
glass transition temperature of the thermoplastic-rich phase, and the loss of epoxy
monomer would result in non-stoichiometric network formation and lower the glass
transition temperature of the thermoset-rich phase. These poss.ble causes were not
funher investigated.
15,000 Mn tBPK-BaspH R^j
n
r^,^^
mer into
The incorporation of a 15,000 M
n reactive tBPK thermoplastic oligoi
a commercial epoxy resin, without the aid of solvents, was successful only at loading
levels less than 17.2%. The viscosity of these resins was very high and inhibited the
fabrication of test specimens for mechanical testing. Only the MDA curing agent
was soluble in the 15,000 M
n tBPK/E828 miscible mixture. Addition of DDS to
these mixtures resulted in instant macroscopic phase separation. The morphologies
of the cured systems appeared to possess mixed continuous phases. The toughness of
these resins was substantially larger than the toughness of previously measured
materials having equivalent thermoplastic oligomer loading levels.
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Methylhydroquinone-Based Poly(aryl ether ketone)/Epoxy-Amine
Resin Systems
High Molecular Weipht MfPK nism^ion
Attempts to incorporate an amorphous 19,000 M
n methylhydroquinone-based
reactive thermoplastic oligomer into Epon 828, MY-720, and MY-0500 commercial
epoxies were all unsuccessful. The use of extended mixing times and high
processing temperatures did not result in appreciable thermoplastic dissolution. This
is the same result that was observed from attempts to incorporate 5300 M
n and
10,000 Mn MePK in commercial epoxies as discussed in the previous section. It
appears that the enthalpic effects governing this oligomer are too large and can only
be compensated for by entropic effects associated with the low molecular weight
materials. The inability to dissolve this reactive thermoplastic oligomer into a
commercial epoxy eliminates the opportunity to examine the physical and
mechanical properties resulting from this potential thermoplastic/thermoset system.
High Molecular Weight MpPK Conclusions
The 19,000 M
n MePK reactive thermoplastic oligomer was insoluble in
several commercial resins. This is the same result that was achieved from the
intermediate molecular weight oligomers. Therefore, this thermoplastic/ thermoset
system could not be evaluated.
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High Molecular Weight-Based Reactive Thermoplastic Oligomer
Modified Epoxy-Amine Resin System Conclusions
Attempts to modify commercial epoxy resins using high molecular weight
reactive thermoplastic oligomers was predominantly unsuccessful. Only low loading
levels of the 15,000 Mn tBPK oligomer were soluble and processable in commercial
epoxies. Higher loading levels resulted in resins with large viscosities that could not
be effectively mixed. Only the less polar MDA curing agent was soluble in the
tBPK/E828 mixtures; DDS resulted in macroscopic phase separation. The toughness
of the systems, however, were tougher than any previous systems of equivalent
loading thermoplastic oligomer level. Attempts to modify commercial epoxy/amine
resins with a 19,000 M
n MePK reactive thermoplastic oligomer were unsuccessful
because of the inherent insolubility of the thermoplastic in commercial epoxies.
Chanter Conrl^jonft
This chapter details the effects of modifying commercial epoxy/amine resin
systems with a series of reactive thermoplastic oligomers of different molecular
weights and based on substituted poly(aryl ether ketone)s. The process involved no
solvents. It was shown that the useful thermoplastic/thermoset materials were
initially miscible and that phase separation occurred upon reaction. Two different
phases; a thermoset-rich phase and a thermoplastic-rich phase, were identified. Four
general types of morphologies were discussed; thermoset-rich continuous phase with
thermoplastic-rich inclusions, thermoplastic-rich continuous phase with thermoset-
rich inclusions, mixed continuous phases, and a near one-phase system.
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The thermal and mechanical properties of the resins were related to their
respective phase separated morphologies. Resins possessing fracture energies 300%
-
600% greater than the neat epoxy/amine resin and with equivalent moduli and high
glass transition temperatures, were attained. The ductility of the continuous phase
was shown to be the controlling factor in determining resin toughness. A linear
relationship between the average molecular weight between crosslinks of the
continuous phase and the critical stress intensity factor, normalized with respect to
the volume fraction of the continuous phase, was shown. This relationship appears
to be valid in systems having a single continuous phase and where the Fox Equation
can be applied.
CHAPTER IV
PHASE SEPARATION, GELATION, AND VITRIFICATION
CHARACTERISTICS OF REACTIVE POLY(ARYL ETHER KETONE)
THERMOPLASTIC OLIGOMER MODIFIED EPOXY/AMINE RESINS
Introduction
This chapter summarizes the results that were obtained from an investigation
into the phase separation, gelation, and vitrification characteristics of a series of
reactive poly(aryl ether ketone)/epoxy-amine resins isothermally cured at three
different temperatures. The reactive thermoplastic oligomer modified thermosetting
systems of this dissertation are initially miscible mixtures that phase separate during
network formation. This chapter investigates the occurrence and nature of phase
separation with respect to gelation, vitrification, and curing cycle. A background
section briefly reviews the goals and importance of this work and is followed by an
experimental section detailing the techniques and materials used to characterize the
above phenomena. A results section details the experimental findings, and is
followed by a discussion section. A conclusions section summarizes the important
results of the chapter.
Background
The curing of thermosetting polymers is a dynamic process. The systems are
initially low viscosity liquids that, upon reaction, increase in molecular weight and
achieve an essentially infinite viscosity before gelation. After gelation the systems
are nearly ideal rubbers that become viscoelastic in nature as the system continues to
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increase in crosslink density. The modulus of the rubbery thermoset, cured
isothermally, is observed to increase as chemical crosslinking continues. Cunng the
system below its respective glass transition temperature enables crosslinking to
continue until the system vitrifies and segmental motions cease. The modulus of the
vitrified resin changes from a rubbery state to a glassy state.
The diverse properties of thermosetting materials makes characterization
inherently difficult. An understanding of the reactive thermoplastic oligomer
modified epoxy-amine thermosetting resins of this dissertation is further complicated
by phase separation that occurs during the curing process. The structure of the phase
separated network was shown in Chapter 3 to be important in determining the final
overall mechanical properties of the thermoplastic/thermoset resins. To attain a
better understanding of the parameters important in phase separation and network
formation of these systems the cure cycle was varied. This data is in contrast to the
data of the previous chapter where the influence of the curing process on the
mechanical properties was not considered.
The phase separation process of thermoplastic/thermoset systems has been
studied most thoroughly in rubber-modified thermoset resins 159164
. A wide range of
factors including; reaction temperature, epoxy pre-polymer molecular weight and
chemical nature, rubber-modifier molecular weight and chemical nature, curing agent
were found to be important in determining the final phase separated morphology.
The phase separation process in engineering thermoplastic modified resins has been
studied much less 101
.
A study of the phase separation process in reactive
thermoplastic oligomer modified thermoset systems is not believed to have been
investigated to date. The research of this chapter is devoted in part to determining
the influence of cure temperature on the resulting morphology of reactive
thermoplastic oligomer modified resins.
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The effect of cure temperature on epoxy/amine thermosetting resins has been
tnvestigated elsewhere. Cure kinetics, gelation, vitrification, mechanical properties,
and resulting network structure have all been investigated.".^. We E828 .DDS^
as a function of the cure temperantre serves as a reference to determine the effect of
reactive thermoplastic oligomer incorporation on the gelation and vitrification
characteristics. The E828-DDS gelation and vitrification data are in good agreement
with gelation and vitrification data measured elsewhere using an alternative
technique 167
.
While the data of this chapter does not include an evaluation of the
thermoplastic/thermoset resin mechanical properties a function of the curing cycle,
the final network structure, gelation, vitrification, and phase separation
characteristics are discussed. The objective of this chapter is to characterize these
processes as a function of thermoplastic oligomer loading level and isothermal cure
temperature. It is believed that the phase separation process and the resulting phase
separated morphology can be influenced by the curing cycle. Controlling these
parameters will hopefully allow for the optimization of the curing processes and
further enable the engineering of mechanical properties through processing variables.
The technique of impulse viscoelasticity is used to characterize the gelation
and vitrification phenomena of the thermosetting system 16 **. Optical microscopy was
used to observe phase separation during the curing process and correlate it with
gelation and vitrification. Transmission electron microscopy was used to examine
the resulting phase separation of the cured resins and differential scanning
calorimetry was used to determine the glass transition temperatures of the respective
phases.
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ExDerimc,,!;,!
Materials
Epon 828, (E828), a diglycidyl ether of bisphenol A, was obtained from Shell
Chemical Company and used as received. 4,4'-diaminodiphenylsulfone, (DDS), was
obtained from Aldrich Chemical Company and used as received. A 6200 M
n amme-
terminated t-butylhydroqu.none-based poly(aryl ether ketone), tBPK, was
synthesized in our laboratory according the methods discussed in Chapter 2 and used
as the reactive thermoplastic oligomer modifier. A stoichiometric amine to epox.de
ratio of 1
.0 was used for all resin formulations.
Methods
Vratsanos and Farris developed the technique of impulse viscoelasticity to
measure the solidification process of polymers'™. The technique examines the
mechanical response of a material to an arbitrary deformation. In order to
characterize the uniaxial mechanical properties of thermosetting materials that
change from low viscosity liquids to 3 GPa modulus solids during the curing process,
an in situ method was used. A rubber membrane is used to constrain the
thermosetting system between two aluminum tabs. This method allows for a
determination of properties throughout the thermosetting process. An excellent
description of the impulse viscoelasticity technique and its applications can be found
in Vratsanos' dissertation.
Applying this method to the thermosetting materials of this dissertation
involved placing periodic deformations to impulse viscoelasticity samples throughout
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•he cunng process ,o define the meehanical and rheoiogical proxies. Vratsanos
used soft rubber cylindrical balloons (Imperial Toy Corp., Los Angeles, CA) as
constraining membranes. However, the temperatures requtred to cure the high
performance thermosetting materials of this dissertation caused the of the rubber
balloons used by Vratsanos to degrade. This problem was overcome by using
radiation crosslinked heat shrink polyethylene tubing as a constraining membrane.
The modulus of this material configured in the cylindrical uniaxial geometry was
found to be approximately 0.25 MPa at the curing temperatures of interest in this
research, and independent of the curing time. Figure 4. 1 represents the modulus of
the unfilled polyethylene balloon as a function of the curing temperature and cure
time.
The radiation crosslinked heat shrink polyethylene tubing was nearly ideal for
impulse viscoelasticity sample preparation. Cylindrical uniaxial samples two inches
in length were prepared. The samples were placed in front of a heat gun and shrunk
into cylindrical uniaxial samples. Three small, one-quarter inch, sections were
placed over each aluminum tab at its largest diameter to prevent the balloon from
slipping during strain deformations. Clamping the membrane sample by this method
was successful. Attempts to use hose clamps to secure the membrane consistently
resulted in rupture.
The phase separation, gelation, and vitrification phenomena are functions of
cure time and cure temperature. The dissolution and degassing of the reactive
thermoplastic oligomer modified epoxy-amine resin systems requires time at elevated
temperatures. Therefore, the phase separation, gelation, and vitrification times are all
relative to the sample preparation technique. To minimize differences an effort was
made to standardize the processing procedure. All of the reactive thermoplastic
oligomers were mixed for 25 minutes with epoxy at 170°C, the DDS was dissolved
for 7 minutes at 170°C, and the mixtures were degassed for 5 minutes at 170°C.
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Resins of 16%, 24%, and 34% by wetght of 6200 M„ amine-terminated t-
butylhydroqutnone-based po.y(ary 1 ether ketone) were fabrieated. The 16% and 24%
reactive thermoplastic oligomer modified resins poured easily into the impulse
viscoelasdcity sample holders. The 34% reacttve thermoplastic oligomer modified
resin, however, was too viscous to flow through the one-quarter inch diameter filling
hole. As a result, the sample had to be rolled into cylindrical shapes and inserted
while in a leathery state. The sample was then reheated to properly fill the sample
holder cavity. All of the samples were immediately placed in a freezer to prevent
any further significant reaction.
An IMASS dynamic mechanical analyzer outfitted with an environmental
chamber was used to apply step-strains, and measure the stress response as a function
of time. The environmental chamber was pre-heated to a temperature 10°C above
the isothermal curing temperature. Loading the sample into the chamber required
approximately 3 minutes. The environmental chamber was immediately closed and
data collection was begun after the sample was loaded. The environmental chamber
required about 10 minutes to equilibrate after data collection was initiated. A data
collection rate of 20 Hz was used for all samples. Data was collected 10 seconds
before the applied step-strain, during the 20 second duration of the step-strain, and
for 20 seconds after the step-strain was removed. The data was analyzed using the
impulse viscoelasticity software developed in our laboratory.
Gelation was defined as the onset of an equilibrium modulus greater than that
of the modulus of the observed constraining rubber membrane. Vitrification was
defined as the peak in the tan delta data as function of time. The onset of phase
separation was defined as the point where phase separation could be observed
optically.
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Differential scanning calorimetry, (DSC), measurements were made using a
DuPont instruments 29,0 differentia, scannmg calorimeter. The DSC was calibrated
using an indium reference standard. A heating rate of 20°C/min. was used for all
samples. A continuous nitrogen purge within the DSC head was maintained.
Transmission electron microscopy, (TEM), was performed using a Jeol ,00
CX transmission electron microscope operating at lOOkV. All samples were
mtcrotomed at room temperature and were about 80 nanometers thick. The samples
were stained for four hours with osmium tetroxide prior to examination.
Optical microscopy was performed using an Olympus BH2-UMA optical
microscope. A 200 - 800x magnification was used for all of the phase separation
measurements.
Results
Resins containing 16%, 24%, and 34% reactive thermoplastic oligomer by
weight were formulated and reacted isothermally at 150°C, 170°C, and 190°C.
Table 4.1, on the next page, summarizes the observed onset of phase separation,
gelation, and vitrification for the three different cure temperatures. The final
morphology of the cured phase separated resins is also shown in Table 4.1.
Table 4.2 summarizes the first heat and second heat glass transition
temperatures of the resins after the isothermal cures described above. The glass
transition temperatures of a standard cure, 2 hours at 170°C and 2 hours at 230°C, is
also shown for the neat E828/DDS resin and each reactive thermoplastic oligomer
modified resin. The glass transition temperature of the neat 6200 M
n
tBPK reactive
thermoplastic oligomer is also listed.
228
Table 4.1. Phase separation, gelation, vitrification, and morphology
characteristics of a 6200 M
n tBPK/E828-DDS resin system.
Material Cure Temp. Phase Sep. Gelation Vitrification Morphology
(°C) Time (min.) Time (min ) i xiiic/ 1 crnp. (A,B.C,D)
(min.)/(°C)
E828/DDS 150 90 215/150 A
170 46 124/170 A
190 24 100/150 A
16% tBPK/ 150 9 92 169/150 B
E828-DDS 170 5 38 107/170 B
190 2 25 91/190 c
24% tBPK/ 150 7 46 169/150 c
E828-DDS 170 2 35 100/131 CD
190 4 26 80/153 D
34% tBPK/ 150 13 81 184/134 D
E828-DDS 170 6 48 123/142 D
190 9 Not Seen D
A = Single phase. B = Epoxy/amine-rich continuous phase.
C = Mixed continuous phases. D = Thermoplastic-rich continuous phase
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Table 4.2. Glass transition temperatures of the gelation and vitrification samples.
Material Cure Temperature Glass Transition
(
°C) Temp. (°C)
1
st Heat
Glass Transition
Temp. (°C)
2n<* Heat
E828/DDS
6200 Mn tBPK
170/230 219
158
219
158
16% 6200 Mn
tBPK/E828-DDS
150
170
190
170/230
157
145/181
150/186
158/210
164
150/185
150/191
158/210
24% 6200 Mn
tBPK/E828-DDS
150
170
190
170/230
146/183
139/167
161/207
150/190
145/183
147/181
161/207
34% 6200 M
n
150
tBPK/E828-DDS 170
190
170/230
111/144 126/147
118/147 138/170
138/161 141/171
160/208 160/208
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The stress response of the thermosetting material to a given strain history
changes as the thermoset crosslinks. Figures 4.2 - 4.5 are the stress responses to a
given step-strain history of an E828/DDS resin cured isothermally at 190°C. Figure
4.2 shows the data of the stress response of the thermoset while it is a viscoelastic
liquid. Figure 4.3 shows the data of the stress response of the thermoset just after
gelation. Figure 4.4 shows the data of the stress response of the thermoset 25
minutes after gelation and 50 minutes before vitrification. Figure 4.5 shows the data
of the stress response shortly before vitrification.
A wide range of mechanical and rheological properties can be determined
from this data. The onset of gelation and vitrification are of particular interest in this
work. Figure 4.6 is a representative plot of the equilibrium modulus as a function of
time and cure temperature for a 16% 6200 M
n tBPK/E828-DDS resin cured at
150°C. The onset of gelation, where the equilibrium modulus becomes finite, is
observed at 92 minutes. Figure 4.7, a plot of tan delta as a function of cure time and
cure temperature, is a representative plot of vitrification occurring during the
isothermal cure. The 16% 6200 M
n tBPK/E828-DDS resin is cured at 150°C and tan
delta is observed to have a maximum at 169 minutes. Curing the resin above the
glass transition temperature of the continuous phase of these phase separated
materials results in a system that does not vitrify during the isothermal cure. A peak
in tan delta is observed in these resins upon cooling. Figure 4.8 is a representative
plot of a system that does not have a peak in tan delta during the isothermal cure but
exhibits a tan delta peak upon cooling. A tan delta peak in Figure 4.7 is observed at
153°C and 80 minutes in a 24% 6200 M
n tBPK/E828-DDS resin cured isothermally
at 190°C and then cooled.
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Figure 4.6. Equilibrium modulus as a function of time and cure temperature
for a 16% 6200 M
n tBPK/E828-DDS resin.
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Observing phase separation by optical microscopy showed that phase
separation occurred very early in the cunng process. The very early stages of phase
separation were difficult to discern. The resin mixtures were observed as they were
rapidly heated, 100°C/min., from a quenched state to the curing temperature. Two
phases were observed before the liquid resins passed through an upper critical
solution temperature, (UCST), and attained miscibility. No attempts were made to
quantify this transition or determine if a lower critical solution temperature, (LCST),
existed. (The rapid rate of reaction associated with high temperatures would make
the determination of an accurate LCST difficult.)
Isotropic liquids were observed for only very short periods. Very fine
structures became apparent as the systems began to phase separate. An 800X
magnification was required in several of the systems to observe these structures. As
the systems continued to phase separate the contrast between the two phases became
more distinct and optical observation became easier. The difficulty in initially
observing phase separation, because of the lack of refractive index difference
between the two phases in the early stages of immiscibility, indicates that the phase
separation data in Table 4. 1 is not exact.
The phase separation data of Table 4. 1 are indicative of when the refractive
indices of the two phases have become different enough to be observed optically.
The distinct two-phase nature of these systems was very apparent during later stages
of curing. The general phase separated morphologies observed by optical
microscopy were consistent with the cured state morphologies observed by TEM,
Table 4.1. However, the homogeneity of the phase separated morphology that was
observed by TEM, as shown in Chapter 3, may not be indicative of the overall phase
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separated structure. Regions of heterogeneous phase separation wete evident in
many of the resins.
Heterogeneous regions were observed by TEM in the mixed phase
morphology systems but heterogeneous regions were also observed by optical
microscopy at low curing temperatures and low thermoplastic oligomer loading
levels. This result may correlate with the observed structure observed by scanning
electron microscopy in Figure 3.42. The influence of curing the nesin between glass
slides or impurities may be the cause of this effect but no effort was made to further
investigate this phenomena. Further studying these dynamic systems at the optical
microscopy length scale may yield much information into the final network structure
and the phase separation mechanism.
A slightly modified version of the impulse viscoelasticity technique,
developed by Vratsanos and Farris, was used to determine the gelation and
vitrification behaviour of a series of high performance reactive thermoplastic
oligomer modified epoxy-amine resins. Radiation crosslinked polyethylene tubing
was used as the constraining membrane in a cylindrical uniaxial geometry, in place
of the rubber balloons employed by Vratsanos to determine the mechanical and
Theological properties of these thermosetting materials during the cure. The radiation
crosslinked polyethylene was shown in Figure 4.1 to have a negligible modulus,
approximately 0.25 MPa, at the 150°C - 230°C curing temperatures. The data also
indicated that the modulus of the constraining membrane did not significantly
increase during the time required to cure the thermosets of this chapter.
Figures 4.2 - 4.5 represent the data acquired using the impulse viscoelasticity
technique. Figure 4.2 represents the data taken five minutes after curing has begun
and the material is a low viscosity liquid. The solid line with no noise represents the
step-strain history. The line with significant amounts of scatter represents the stress
response over the same time period. The noise in the stress response line is caused
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by the very small load required to strain the impulse viscoelasticity sample and is
essentially the stress response of the constraining polyethylene membrane. A
maximum stress only 0.00008 MPa greater than the baseline tensile stress is applied
to this sample and the scatter represents the limit of the load cell to accurately
measure these small forces.
Figure 4.3 is a representative plot of the stress response to an applied step-
strain shortly after the material has gelled. The noise associated with the stress
response is smaller than the previous figure, Figure 4.2, and is indicative of the larger
stresses required to achieve the same strain history. Stresses approximately 50%
greater, 0.00012 MPa, are required to strain the gelled sample. This increase in
applied stress as a function of time results in an equilibrium modulus greater than
that observed for the liquid state where only the stress response of the constraining
membrane was observed.
Figure 4.4 is a representative plot of the stress response to an applied step-
strain after further gelation. This data was take 25 minutes after gelation and 50
minutes before vitrification. Stresses an order of magnitude greater than the stresses
required to previously strain the material are observed in this data. The noise
attributed to the lack of load cell sensitivity is no longer relevant. The stress
response is almost exactly proportional to the applied strain throughout the entire
strain history. This behaviour is representative of an ideal elastic rubber. No
measurable stress relaxation is observed in the sample at this point, and the influence
of the constraining membrane is no longer significant.
Figure 4.5 is a representative plot of the stress response to an applied step-
strain as the material nears vitrification. A stress 0.015 MPa greater than the baseline
uniaxial stress is applied to this sample to attain the same strain history that has been
achieved in the other samples. A significant amount of stress relaxation is observed
in this data, indicative of a viscoelastic rubber. The majority of the relaxation occurs
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in ,he firs, 2 ,o 3 seconds after the strain history has been applied. Step-stratns of 20
second durations were applied to all of the samples. The observation of the stress
relaxation occurring in the first few seconds after step-strain application suggests that
the pulse duration is of sufficient length to characterize the viscoe.astic nature of the
curing system. The pulse length is also short relative to the rate of change in the
mechanical properties of the system assuring that the mechanical properties of the
system during the data collection period are essentially constant. A data collecrion
rate of 20 Hz was used to ensure accurate observation of the stress response during
the initial relaxation process.
Analyzing the impulse viscoelasticity data collected for these samples allows
for the determination of gelation and vitrification. The baseline modulus of the
constraining membrane and the thermoset liquid was generally 0.25 MPa. Moduli
greater than this baseline value were observed when stress responses 0.00002 MPa
greater than the stress response of the liquid system were measured.
The increase in the equilibrium modulus as a function of time was readily
apparent. Figure 4.6 is a representative plot of the equilibrium modulus as a function
of time for a 150°C isothermal cure of a 16% 6200 M
n tBPK/E828-DDS resin. The
onset of a finite equilibrium modulus occurs at 92 minutes. (This value can be
obtained graphically, but the values of Table 4. 1 were obtained from tabular data.)
The equilibrium modulus is observed to initially increase proportionally with respect
to time and is then observed to rapidly increase as the material changes from a
rubbery state to a glassy state. The large increase in the equilibrium modulus as a
function of time is indicative of a material that vitrifies during the isothermal cure.
Curing the thermoset below its respective glass transition temperature results in this
type of phenomena. Unmodified materials of this nature crosslink to an extent where
the thermal energy required to maintain segmental motion in the increasingly less
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mobile network is surpassed, and the resin changes from a rubbery state to a glassy
state.
The same phenomena can be observed in the phase separated resins of this
dissertation. The occurrence of phase separation can result in a continuous phase
system that has a glass transition temperature less than the isothermal cure
temperature. The epoxy may initially act as a plasticizing agent reducing the glass
transition temperature of the thermoplastic-rich phase, but as phase separation
progresses and the phase becomes more thermoplastic-rich the plasticization effect is
decreased. As a result the material approaches its glass transition temperature and
the continuous phase changes from a rubbery state to a glassy state.
The peak in tan delta as a function of temperature is a viscoelastic method
used to characterize the glass transition temperature of polymeric materials.
Vitrification, the change of a material from a rubbery state to a glassy state, of a
solidifying polymeric material is an analogous second order thermodynamic
phenomena. Tan delta, however, is measured with respect to time during
vitrification rather than temperature. The peak in tan delta during this process is used
as the characterization of vitrification.
The changing of the polymers from a rubbery state to a glassy state during the
isothermal curing of this series of resins is dependent on whether the isothermal cure
temperature is greater than the thermoplastic/thermoset resin continuous phase glass
transition temperature. Vitrification is not observed in systems where the glass
transition temperature of the continuous phase is greater than the isothermal cure
temperature. Vitrification was, however, observed in these systems upon cooling.
Figure 4.7 is a plot of tan delta as a function of time and cure temperature for
the 150°C isothermal cure of the 16% 6200 M
n
tBPK/E828-DDS resin system. (Tan
delta data before 93 minutes is excluded because the system has yet to gel and the
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liquid state tan delta data is meaningless in this analysis.) The temperature of the
environmental chamber is observed to be essentially constant after requiring
approximately ten minutes to equilibrate. The temperature of the chamber was
within 5 degrees of the isothermal cure temperature for a majority of this time, and
this effect is considered negligible. The tan delta data is observed to initially
increase until it reaches a maximum at 169 minutes and then is observed to decrease.
The equilibrium modulus of the resin, Figure 4.6, is observed to increase from 1 MPa
to 100 MPa over this period of time. An equilibrium modulus of approximately 8
MPa, characteristic of the rubbery state, is associated with the peak in tan delta and is
consistent with moduli associated with tan delta peak measurements determined as a
function of temperature. The continuous phase of the resin was shown to be
thermoset-rich, Table 4.1. The glass transition temperature of the thermoset-rich
phase is greater than the isothermal cure temperature and vitrification during the cure
was expected.
The curing of the 24% 6200 M
n tBPK/E828-DDS resin at 190°C resulted in a
resin with a thermoplastic-rich continuous phase, Table 4.1. The glass transition
temperature of this phase is less than the 190°C isothermal cure temperature and
vitrification was not observed until the resin was cooled. Figure 4.8 is a plot of tan
delta as a function of time and temperature. The temperature of the environmental
chamber is again observed to require approximately 10 minutes to equilibrate. After
50 minutes of isothermal heat treatment the chamber is cooled at approximately
l°C/min.
The 24% 6200 M
n tBPK/E828-DDS resin cured at 190°C was observed to gel
after 26 minutes, Table 4.1. Tan delta data, Figure 4.8, is not shown before this time
as the material is still a liquid, and this technique is not sensitive to the dynamic
properties of the liquid-state observed in the uniaxial mode. Figure 4.8 shows that
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the tan delta data is essentially constant after gelation during the 190°C heat
treatment and does not go through a maximum until the sample is cooled. A peak
tan delta is observed at 153°C upon cooling, and is representative of a 1.25 Hz gl
transition temperature. This glass transition temperature is 14°C higher than the first
heat DSC glass transition temperature data shown in Table 4.2, a phenomena
consistent with tan delta glass transition temperatures measured as a function of
temperature relative to glass transition temperatures determined by DSC. Therefore,
it is believed that this sample is an example of a system that does not vitrify during
the isothermal cure process because the glass transition temperature of the continuous
phase is greater than the isothermal cure temperature, but is observed to vitrify upon
cooling.
The gelation and vitrification data of Table 4. 1 shows that the neat E828-
DDS resin has characteristics very similar to the 16% 6200 M
n tBPK/E828-DDS
resin system. All of the resins were observed to vitrify during the isothermal curing
process, indicative of a material with a continuous phase possessing a glass transition
temperature greater than the cure temperature. The 16% reactive thermoplastic
oligomer modified systems had predominantly thermoset-rich continuous phases.
Only the 16% 6200 M
n tBPK/E828-DDS system cured at 190°C had a mixed
continuous phase morphology. The high glass transition temperature of the
thermoset-rich phase appears to allow the network to react to a significant degree.
The glass transition temperatures of these two phase systems were
characterized by DSC after isothermal curing experiments. The glass transition
temperatures of the neat 6200 Mn tBPK reactive thermoplastic oligomer, 158°C, the
neat E828-DDS resin, 219°C, the standard cure of the 16% 6200 Mn tBPK/E828-
DDS resin, and the first and second heat glass transition temperatures of the 16%
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6200 Mn tBPK/E828-DDS resins cured at 150°C, 170°C, and 190°C are all shown in
Table 4.2. The data shows that the glass transition temperatures of the isothermally
cured 16% 6200 Mn tBPK/E828-DDS systems are relatively similar to the standard
cure thermal properties of this system. Assuming that the glass transition
temperature is a measure of the average molecular weight between crosslinks of the
continuous phase, the higher isothermal cure temperature appears to result in a more
complete phase separation. The higher cure temperature may allow the system to
react further towards completion while overcoming decreased diffusion time
associated with the onset of gelation and vitrification. The glass transition
temperatures of the respective phases observed in the 16% 6200 M
n tBPK/E828-
DDS resin for this series of isothermal cure temperatures are more similar to the
standard cured resin than the systems incorporating 24% and 34% 6200 Mn reactive
thermoplastic oligomer.
The gelation times of the 24% 6200 M
n tBPK/E828-DDS resin cured at
170°C and 190°C are nearly identical to the gelation times observed in the 16% 6200
M
n tBPK/E828-DDS resin system. Vitrification in these systems was not observed
until the resin was cooled. The vitrification time of the 150°C isothermally cured
system was observed after 169 minutes. The glass transition temperatures of the two
phases of these resins were found to be lower than the observed glass transition
temperatures of equivalently cured resins containing 16% reactive thermoplastic
oligomer, Table 4.2. This appears to suggest that the degree of phase separation is
lower in the 24% reactive thermoplastic oligomer loading level system. The times
before vitrification of these systems are very similar, but not exact, because a
knowledge of the time required to achieve the vitrification temperature below the
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isothermal cure temperature could only be estimated. This factor may affect the
observed degree of phase separation.
The larger isothermal cure temperatures in the 24% 6200 M
n tBPK/E828-
DDS resin system changed the resulting morphology. The 150°C isothermal cure
temperature resulted in a mixed continuous phase resin. The 170°C isothermal cure
temperature resulted in resin having regions of mixed continuous phases and regions
possessing a thermoplastic-rich continuous phase. The 190°C isothermally cured
resin resulted in a thermoplastic-rich continuous phase morphology.
These results appear to suggest that kinetic factors are not the primary driving
force in determining the resulting phase separated morphology. These
thermoplastic/thermoset systems are initially miscible. It would be expected that if
kinetic factors governing network formation and diffusional phenomena were
significant in preventing the system from completely phase separating mixed
continuous phase morphologies, resulting from decreased diffusion time, would
result. However, higher isothermal reaction temperatures that induce more rapid
gelation are causing the 24% reactive thermoplastic oligomer loading level system to
phase separate into a thermoplastic-rich continuous phase morphology rather than a
mixed continuous phase morphology. It is postulated that the increased cure
temperature is increasing the difference in the surface tension between the two phases
and inducing the thermoplastic-rich phase to become the continuous phase. This
morphology may correspond to a minimization in the surface free energies and,
therefore, be the thermodynamically favored morphology. Hence, it appears that
thermodynamic considerations are the primary factors governing the phase separation
process of this resin system.
The observation of phase separation occurring very early in the curing
process is further evidence that the thermodynamic factors, network formation and
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solubility parameter changes, are very influential in initiating phase separation. All
of the resins appeared to possess a very distinct structure well before gelation. The
factors governing this liquid-state structure are most likely related to surface tension
factors. An understanding of the important variables in determining the
minimization of surface tension would have to include temperature, molecular
weight, and reactive thermoplastic oligomer loading level.
The observation of early phase separation underscores the importance of
initially pre-reacting the reactive thermoplastic oligomer with the epoxy. Because
phase separation is occurring at the early stages of network formation, it is very
important to initiate thermoplastic oligomer chain extension reactions that will lead
to network formation and ensure a completely reacted system with excellent adhesion
between the two phases. If the oligomers had not been chain extended intially they
may have phase separated before reacting and resulted in a system with poor
mechanical properties.
It is believed that the kinetic factors are most important in the final stages of
network formation. Early phase separation most likely causes end-groups of the
respective phases to be trapped in non-stoichiometric ratios within each phase. Post-
curing above T
g
is necessary to allow these end-groups to migrate to the phase
boundary and react. If this mechanism is occurring an interphase would most likely
result.
The morphology of the 40% 6200 M
n tBPK/E828-DDS resin is independent
of the isothermal cure temperature. A thermoplastic-rich continuous phase is
observed in each system. Vitrification was not observed in any of the isothermal
curing experiments and is indicative of the lower glass transition temperature of the
thermoplastic
-rich continuous phase. Very low glass transition temperatures of the
respective phases were observed in these systems. The low glass transition
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temperatures are indicative of low degrees of phase separation. The mechanical
properties of these resins were also quite poor.
All of the thermoplastic-rich continuous phase resins, cured isothermally and
not post-cured, were found to be susceptible to fracture. The microtomed samples
fractured predominantly at the interface between the two distinct phases. An
example of this failure is shown in Figure 4.9. The poor interfacial adhesion may be
indicative of the network formation process and shows the importance of an effective
post-cure. The interfacial failure may also be evidence that covalent bonds between
the two phases are not forming until late in the network formation process.
The SEM fracture surface data of Chapter 3 showed that excellent adhesion
between the two phases was achieved in the post-cured thermoplastic/thermoset
resins. The poor mechanical properties of these isothermally cured thermoplastic-
rich continuous phase resins show the importance of attaining adequate adhesion
through chemical crosslinking. Reactive thermoplastic oligomers based on poly(aryl
ether sulfone)s, fabricated elsewhere, were found to have poor mechanical properties
when possessing a thermoplastic-rich continuous phase. These results were in
contrast to the results shown in this dissertation, Chapter 3. This section shows the
importance of interfacial adhesion, with respect to the mechanical properties, and
may be evidence for the observed poor properties of the thermoplastic-rich
continuous phase reactive thermoplastic oligomer modified thermoset systems based
on poly(aryl ether sulfone)s.
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The phase separation, gelation, and vitrification characteristics of a series of
reactive thermoplastic oligomer modified epoxy-amine resins have been evaluated in
this chapter. Resins containing 16%, 24%, and 34% 6200 M
n tBPK were
incorporated into an E828-DDS network and isothermally cured at 150°C, 170°C,
and 190°C. The gelation and vitrification properties were characterized using
impulse viscoelasticity. The phase separation was characterized by transmission
electron microscopy and optical microscopy.
As expected, increased reaction temperatures resulted in shorter gelation and
vitrification times. The phase separation, however, was found to favor a
thermoplastic-rich continuous phase morphology at higher reaction temperatures
rather than a kinetically-favored trapped mixed continuous phase morphology. It
was speculated that thermodynamic factors based on surface tension phenomena may
be primary in determining the phase separated morphology. It was also shown that
the adhesion between the thermoplastic-rich phase and the thermoset-rich phase are
poor in the isothermally cured thermoplastic-rich continuous phase systems. A
possible correlation between this observation and the poor mechanical properties
reported for thermoplastic-rich morphologies of poly(aryl ether sulfone)s was drawn.
The results of this chapter are quantitative and no detailed attempts were made to
model the thermodynamic and kinetic aspects of the phase separation process.
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CHAPTER V
COMPOSITE AND ADHESIVE PROPERTIES OF REACTIVE
POLY(ARYL ETHER KETONE) THERMOPLASTIC OLIGOMER
MODIFIED EPOXY/AMINE RESINS
Introduction
This chapter discusses the results that were obtained from an investigation
into phenomena associated with composite and adhesive applications. The absence
of prepregging equipment precluded the fabrication of test composites. However,
several factors important in determining the ultimate properties of composites were
investigated. These included; the effect of volumetric constraint, the influence of
carbon fiber incorporation on the phase separated morphology, lap-shear adhesion,
and the determination of thermal expansion coefficients.
A background section is first presented discussing the relative attributes
associated with the thermoplastic/thermoset resins discussed in Chapter 3 for
composite applications. A special emphasis is placed on the translation of neat resin
toughness characteristics to composite applications. The effect of fiber
incorporation, discussed in the background section, is next shown to be an important
parameter in composite applications where volumetric constraint can arise. The
volumetrically constrained stresses that develop during the curing process and the
resulting morphological alterations are presented. The influence of carbon fiber
incorporation on the phase separated morphology of these resins is presented in the
next section. The lap-shear adhesive characteristics of the thermoplastic/thermoset
resins is then presented, followed by thermal expansion coefficient data. Finally, a
conclusions section summarizes the important results.
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The most probable uses for the reactive thermoplastic oligomer modified high
performance epoxy/amme resins discussed in the previous chapters are m
commercial composite and adhesive applications. The combtnatton of processabtlity
toughness, and high performance characteristic makes these mermoplastic/thetmose,
hybnd ntatenals un.que. The various morpholog.es are also expected to tesuh in
materials for specialized applications.
The testing of composites, to determine if the toughness associated with the
neat thermoplastic/thermoset resins transfers to composite systems, was not
performed because the equipment necessary for composite fabrication is not
available. The translation of toughness properties, observed in neat resins, to
composite and adhesive applications is known to be a problem in rubber-toughened
systems. It has been shown that only a fraction of the large fracture energy increase,
obtained through rubber toughening techniques is observed in composites and
adhesives fabricated from identical resins9193
.
It is believed that the mechanism by which rubber-modified resins induce
energy absorbing phenomena is hindered by the microstructural alterations associated
with fiber incorporation and adhesive bond thickness restrictions9 '. The rubber
inclusions are believed to create stress concentrations at their interface and result in
shear stresses throughout the surrounding matrix*-" The matrix is believed to shear
yield, an energy absorbing process, within this region. It has been shown that rubber
toughening is more effective in ductile, lightly-crosslinked thermoset systems than in
tightly-crosslinked, high performance thermoset systems89 where chemical crosslinks
constrain the system. The addition of fibrous reinforcement results in resins where
the volume between fibers is less than the previously observed shear yielding
volume. This constraint locally reduces the region in which the rubber inclusions can
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nduce energy absorbing shear yieidmg mechamsms. Consequently, the primary
factor for achieving toughness
,„ these systems is s.gn.ficantiy reduced. Sim.iar
results are observed
,„ adhesive applications where the bond th.ckness restricts shear
yielding.
While it hasn't been tested it is believed that the tough
thermoplastic/themioset resins, based on reactive thermoplastic oligomers, will result
in tough composites. This is because the energy absorbmg process appears to be
associated with the ductility of the continuous phase. The results of Chapter 3 show
that for nearly all of the single continuous phase resins that the average molecular
weight between crosslinks of the continuous phase is proportional to the resistance of
the resin to fracture. Energy absorption associated with molecular motions related to
increased average molecular weight between crosslinks is a property inherent to these
thermoplastic/thermoset resins and not dependent upon induced energy absorbing
mechanisms. However, other factors including adhesion, volumetric constraint,
wetting characteristics, and thermal expansion coefficient mismatches may result in
deleterious effects. These phenomena were investigated and are discussed in the
following sections.
The Effect of Volumetric Constraint
Volumetric Constraint Introduction
High temperature cured thermosetting polymers are subject to several self-
stressing mechanisms. The most important self-stressing phenomena in the
thermoplastic/thermoset resins, discussed in this work, are associated with reaction-
induced shrinkage and thermal expansion coefficient mismatches between the
polymer and composite components or adhesive substrates. In most composite
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app.ica.ons flbrous reinforcemeM „ . ^ ^ ^^
overal, volume fracnon. The drstnbution of ,hese fibers within the matnx „
closely packed structures. Figured
The mterstittal voiume between the fibers represents a negton that can become
volumetrically constratned during the curing process—. Once the thermoset has
geiled and is adhered to the surrounding fibers, within approximately three
equtvalent dtameters from the fiber ends, the resin is essentially volumetrically
constrained. Any dimensional change, caused by thermal expanston coefficient
differences or
.action shrinkage will result in a triaxial stress. The magnttude and
effect of these stresses on the matrix are of extreme importance in composite
applications 169172
.
Volumetric Constraint Experimental
.Volumetric Consfrajnj
Mfltf-'nfrf
Epon 828, (E828), a diglycidyl ether of bisphenol A, was obtained from Shell
Chemical Company and used as received. 4,4'-diaminodiphenylsulfone, (DDS), was
obtained from Aldrich Chemical Company and used as received. A 3500 M
n amine-
terminated t-butylhydroquinone-based poly(aryl ether ketone), tBPK, was
synthesized in our laboratory according the methods discussed in Chapter 2 and used
as the reactive thermoplastic oligomer modifier. A stoichiometric ratio of 1.0 was
used for all resin formulations.
Figure 5. 1
.
Fiber bundle schematic showing the constraint of the interstitial
regions.
YQlumftrie Constant M^nn1 ,"
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Plepys and Farns have deve,oped a technique to measure volumetrically
consumed stresses- The techmque ,^^^ ^ ^^ ^
304), outfitted with stram guages p,aced longttudinal.y and tangential to the tube
surface w,,h a thermosettmg resin and observing the stratus as a function of the
cunng process. The stratn guages are piaced we,, away from the edges of the tube
From a knowiedge of the steel tube tensde modulus, its d.mensions, the resulting
strains, and cylindrical pressure vessel equations, the state of stress in the resin can be
determined. A reference tube, also outfitted with strain guages, is filled only an
unreactive liquid epoxy to compensate for steel tube dimensional changes caused by
thermal expansion.
Equations 5.
1
- 5.4 are applied to determine the development of stresses in a
volumetncally constrained system. Equations 5. 1 and 5.2 are used to determine the
stresses of the steel tube surface, aZ2 and a#, from the measured strains, izz and
Linear elastic behaviour is assumed. The calculated tube stresses are then used
to determine the internal stresses of the epoxy resin from Equations 5.3 and 5.4, the
cylindrical pressure vessel equations. According to linear elastic theory, the radial
and tangential stresses in the epoxy are equal, and the boundary conditions imply that
the steel radial stress on the inner wall is equal to the radial stress in the epoxy resin.
Plepys has also shown that the radial, longitudinal, and tangential stresses are equal
indicating the resin experiences either hydrostatic tension or hydrostatic
compression 173
.
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Ee„ =
zz = <*zz
- v a
(5.1)
v
°zz (5.2)
where;
E = steel tube modulus,
v = steel tube Poisson's ratio,
a
zz = steel tube longitudinal stress,
= steel tube tangential stress,
*W = steel tube tangential strain, and
e
zz = steel tube longitudinal strain.
(Handbook SS-304 steel tube tensile modulus (200 GPa) and Poisson's ratio (0.29)
values were used.)
_
0^ (b2 - a2)
CT
<M> ~
CT
rr -
2a2 (5.3)
ov, =
a
zz (b
2
- a2)
zz "
a2 (5 -4)
where;
G<M> = epoxy resin tangential stress,
Gn = epoxy resin radial stress,
Cfyj) = steel tube tangential stress,
a = inner tube diameter, and
b= outer tube diameter.
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Volumetric Constraint Results
The deterged volumetrically constrained stress, as a function of the cunng
cycle, for a 16% 3500 M
n tBPK/E828-DDS resin iS shown in Figure 5.2. This res,
is known to have a thermoset-rich continuous phase with thermoplastic-rich
inclusions. The resin was imtially cured at 140°C. A 5 MPa hydrostatic tensile
stress is observed to develop dunng this penod. The resin is then heated at 10°C/hr.
to a 220°C post-cure temperature. The state of stress in the resin is observed to go
from triaxial tension to tnaxial compression dunng this process because the resin has
gelled and expands more rapidly than the constraining steel tube upon heating. Upon
cooling the resin again goes into a state of tnaxial tension and increases to a
magnitude of 25 MPa before debonding from the steel tube. The resin is observed to
be stress-whitened after removal from the steel tube, but not fractured.
Figure 5.3 represents the volumetrically constrained residual stresses
associated with the curing of a 34% 3500 M
n tBPK/E828-DDS resin system. The
resin was initially cured at 150°C where a 3 MPa hydrostatic tensile stress is
observed. The resin was then heated at lO°C/hr. to a 225°C post-cure temperature.
The resin is in a state of hydrostatic compression during the post-curing process.
Slowly cooling the resin again causes it to enter a state of hydrostatic tension. At
about 135°C the resin debonds from the confining steel tube under nearly 35 MPa of
hydrostatic tension. Again after removal from the steel tube the resin is stress-
whitened, but not fractured.
Stress-whitening can be caused by cavitation. Figure 5.4 is a TEM
micrograph of the 16% 3500 Mn tBPK/E828-DDS resin system after it has been
cured under volumetric constraint. Several of the thermoplastic-rich inclusions
appear to contain small voids, indicative of cavitation. Voided regions also appear to
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be present in the 34% 3500 M
n tBPK/E828-DDS resin system, Figure 5.5. The voids
appear to occur near the interface of the thermoset-rich inclusions embedded within
the thermoplastic-rich matrix.
The effect of voids on the mechanical properties may be of interest in these
cavitated systems. The mechanical properties of a voided resin were measured after
voids were introduced by rapidly mixing a high-viscosity fast-curing resin and
casting it without degassing. The results are shown below in Table 5.1
Table 5.1 Thermal, Mechanical, and Morphological Properties of
15,000 Mn tBPK/E828-MDA Resins With and Without Voids
Loading
Level (%)
0
IC K IC Modulus Tg (DMA) Tg (DSC) Phase Sep.
(J/m2) (MN/m 3/2) (GPa)
301 0.81 2.18
(°C)
175
(°C)
179
(A, B,C)+
A
12.6
(No Voids) 731 1.34 2.47 174 171 B/C
12.6
(Voids) 561 1.10 2.14 174 170 B/C
+ A = single phase. B = thermoset-rich continuous phase with thermoplasuc-rich inclusions.
C = Mixed continuous phases.
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Volumetric Constraint Discussion
Using the technique developed by Plepys and Farris it is apparent that
significant residual stresses result from curing thermosetting resins under volumetric
constraint. Hydrostatic tensile stresses between 23 MPa and 34 MPa were observed
before the resins debonded from the wall of the steel tube and effectively alleviated
the volumetric constraint. The magnitudes of these stresses are approximately one-
third to one-half the ultimate resin strength. Because the resins debonded from the
tube at temperatures higher than room temperature the absolute magnitude of stresses
resulting from thermal effects were not realized.
The relative magnitude of residual stresses in solventless thermosetting
systems can be understood through the application of an incremental approach to
linear elasticity. Incremental elasticity is an effective technique to describe changes
in states of stress during the curing process. Because thermosetting resins are
initially liquids, that upon reaction become crosslinked rubber-like solids, and after
further reaction or cooling below their glass transition temperature become glassy
solids, the mechanical properties change dramatically. The incremental approach to
linear elasticity is based upon calculating stress increments, from strain increments,
over a period during which the material properties are assumed to be constant. The
material properties of subsequent increments can be changed to account for the
dynamic nature of thermosetting systems. The final stress state is the sum of all the
incremental stress values. The general equation in differential form of an aging,
linear thermoelastic material is shown in Equation 5.5. The following assumptions
are inherent in Equation 5.5; material isotropy, incrementally linear elastic
behaviour, history-dependent elastic coefficients, and the absence of viscoelastic
behaviour. Because the equations are isotropic, shear stresses are not dependent
upon shrinkage phenomena.
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E(T,p) (deij
- 5ij |a(T,p) dT - T(T,p) d«]) = [1 + V(T,p)|d0ij . 5ijv(T,p) dckk (5.5)
where; dajj= incremental stress,
d£jj = incremental strain,
p = extent of reaction,
E(T,p)= modulus as a function of temperature and extent of
reaction,
a(T,p)= thermal expansion coefficient as a function of
temperature and extent of reaction,
dT= temperature increment,
dt= time increment,
T(T,p) = linear time rate of shrinkage due to reaction as a
function of temperature and extent of reaction,
v(T,p) = Poisson's ratio as a function of temperature and
extent of reaction,
dcj^ = incremental dilational stress, and
8jj = Krbnecker delta.
Assuming that the constraining material is rigid and perfectly adhered to the
resin, the mechanical strain increment is zero. Equation 5.5 can be solved for one-
dimensional, (den = 0, da22 = do33 = 0), two-dimensional, (d£j { = de22 = 0, do33
0), and three dimensional, (de
l {
= de22 = de33 = 0), degrees of constraint. The
results of these conditions are shown in Equations 5.6 - 5.8 on the following page.
266
One-dimensional constraint;
dou = -E(T,p)[cc(T,p) dT - T(T,p)dt]
(d£u =0, do22 = da33 = 0)
Two-dimensional constraint;
da, , = da99 = -*&2MM ^ - tQ^dt]22
1 - v(T,p)
(d£H =d£22 = 0, do33 = 0)
(5.7)
Three-dimensional constraint;
11 22 33 l-2vfT.D) P2v(T,p (5 ' 8)
(d£H =d£22 = d£33 = 0)
(All of the variables have been previously defined in Equation 5.5.)
Equations 5.6 - 5.8 demonstrate the importance of constraint on the
magnitude of the resulting stress. Equation 5.6, one-dimensional constraint, shows
that the incremental stress is proportional to the resin modulus. Because the glass-
state modulus is generally two orders of magnitude greater than the rubber-state
modulus, thermal fluctuations below the glass transition temperature will result in
stresses considerably larger than those observed above the glass transition
temperature. The stresses resulting from two-dimensional constraint, (ie. coatings
applications), are similar to those resulting from one-dimensional constraint. The
only difference is the factor of (1 - v(T,p)) in the denominator. A typical polymer
267
glass-state Poissons ratio of 0.33 results in glass-state stresses 50% larger than the
previous one-dimensional constrained application.
The three-dimensionally constrained state of stress, of particular interest in
composite applications, differs from Equation 5.6 in that the denominator is now (1 -
2v(T,p)). Because the Poisson's ratio of an ideal rubber is approximately 0.5, and the
Poisson's ratio of thermosetting resins above their glass transition temperature
approach this value, the magnitude of stresses resulting from thermal fluctuations
both above and below the glass transition temperature will be significant. The
magnitude of these stresses and their effect on thermoplastic/thermoset resins have
been shown in the previous section.
The volumetrically constrained stresses appear to cause the resins to cavitate,
Figures 5.4 and 5.5. Hydrostatic states of stress force materials to change only in
volume and not in shape. Very few materials can withstand being deformed only
through dilatational mechanisms. Separating the stress state components of the
standard uniaxial tensile test shows that 2/3 of the stress is deviatoric, causing the
material to change in shape, and only 1/3 of the stress is dilational causing the
material to change in volume. The volumetrically constrained stresses are purely
dilatational, and void formation is evidence that these materials are being affected by
the hydrostatic tensile stresses.
It is believed that these resins cavitate in the rubber state. Curing these resins
in heavy-walled glass capillary tubes showed void formation at temperatures above
the thermoplastic-rich phase glass transition temperature. The stresses required to
cavitate rubbers is much less than those required to cavitate glasses and the
magnitude of the observed hydrostatic tensile stresses may not be large enough to
cavitate these resins in their glassy state.
The observation of cavitation only in the thermoplastic-rich inclusions, or
near the thermoplastic/thermoset interface in the thermoplastic-rich continuous phase
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resin, may indicate that the stresses in the thermoplastic-rich rubber-state phase were
greater than the rubber-state stresses experienced by the thermoset-rich phase. This
is consistent with the fact that the thermoset-rich phase has a higher glass transition
temperature. Additionally, the cooling of these resins from a state of hydrostatic
compression will lead to either small hydrostatic tensile stresses or hydrostatic
compressive stresses before the thermoset-rich phase passes through its rubber to
glass transition temperature. Therefore, the magnitude of the thermoset-rich phase
thermally-induced rubber-state stresses are much less than the thermoplastic-rich
phase rubber-state stresses.
After cavitation the region near the void is no longer three dimensionally
constrained. This local effect allows the resin to strain independent of the
constraining steel tube. Reducing the degree of constraint will result in residual
stresses less than those predicted from incremental elasticity theory for
volumetrically constrained resins. Therefore, cavitation may be an effective
mechanism to prevent catastrophic resin failure caused by residual stresses.
Intentionally introducing voids into a fast reacting high viscosity 15,000 Mn
tBPK/E828-MDA resin system was shown to reduce the fracture resistance
properties by about 20 percent. The voids introduced into this system were much
larger than the microscopic voids observed in the cavitated materials. The effect of
micro-voids on the mechanical properties is not known, but the change in the
mechanical properties caused by the presence of macroscopic voids was not
dramatic, and while not desirable, it may be an acceptable mechanism for alleviating
residual processing stresses.
The magnitudes of the reactive thermoplastic oligomer modified epoxy-amine
resin system curing stresses are also observed to be less than neat epoxy-amine resin
curing stresses. The addition of reactive thermoplastic oligomer is essentially
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equivalent to adding inert filler. The presence of reactive groups only at the ends of
the thermoplastic-modifier reduces shrinkage associated with chemical reactions
proportional to the thermoplastic modifier volume percent. The fewer reaction per
unit volume results in less chemical reaction shrinkage per unit volume and,
therefore, less stress. The reduction of chemical shrinkage stress during initial
network formation, after gelation, is very important in the prevention of constraint
induced resin stress cracking. Plepys has shown that standard curing of epoxy/amine
resins under volumetric constraint results in catastrophic resin failure caused only by
reaction-shrinkage induced stresses.
The magnitude of the hydrostatic tensile stress, where the resins are observed
to debond, may also be indicative of the resin's adhesive nature. The resins debond
at the steel tube/polymer interface under a state of hydrostatic tension. Testing the
adhesive qualities of materials under this state of stress is believed to be unique to
this technique. The debonding of the 34% 3500 M
n tBPK/E828-DDS resins, with a
thermoplastic-rich continuous phase, at a state of stress 30% larger than the
respective 16% 3500 Mn tBPK/E828-DDS resin, with a thermoset-rich continuous
phase, may be indicative of improved adhesion in the thermoplastic
-rich continuous
phase resin. This test could also be performed with different confining tubes to
determine hydrostatic tensile adhesive characteristics.
Volumetric Constraint Conclusions
It has been shown that the magnitude of volumetrically constrained residual
stresses in these thermoplastic/thermoset resin systems are significant. Residual
stresses approaching one-half the ultimate resin strength were observed. The stresses
were shown to induce cavitation in the thermoplastic-rich phase, which locally
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alleviated the volumetric constraint. The incremental linear elasticity equation
governing three-dimensional constraint was used to relate important material
properties with the observed residual stresses induced by volumetric constraint. The
addition of thermoplastic modifier was also speculated to be important in reducing
chemical-reaction-induced stresses. The magnitude of the hydrostatic tensile
debonding stress of the different morphology resins was also suggested to be
indicative of the resin's adhesive nature.
The Effect of Carbon Fiber Incorporation
Carbon Fiber Incorporation Introduction
It was shown in the previous sections that the incorporation of fibrous
reinforcement can alter the microstruetural behaviour of composite matrices. Fibers
have been shown to restrict energy absorbing mechanisms in rubber-toughened resins
and are known to create regions of volumetric constraint 169173
. The
thermoplastic/thermoset resins of this dissertation are predominantly phase separated
materials. The incorporation of fibers may alter the phase separated morphology.
This section discusses the influence of carbon fiber incorporation on the phase
separated morphology. An experimental section first discusses the sample
preparation technique and a results section next shows the influence of carbon fiber
incorporation on the phase separated morphology. A discussion section and a
conclusions section detail the important findings.
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Carbon Fiber Incorporation Experimental
Carbon Fiber Incorpora tion Materials
Epon 828, (E828), a diglycidyl ether of bisphenol A, was obtained from Shell
Chemical Company and used as received. 4,4' - diaminodiphenylsulfone, (DDS),
was obtained from Aldrich Chemical Company and used as received. An amine-
terminated 3100 Mn tertiary-butylhydroquinone-based poly(aryl ether ketone),
(tBPK), was used as the reactive thermoplastic oligomer. (This is the same material
that was used in the low molecular weight-based reactive thermoplastic oligomer
modified epoxy-amine resin systems section of Chapter 3.) The synthesis of the
reactive thermoplastic oligomers are discussed in detail in Chapter 2. A
stoichiometric ratio of 1.0 was used for all resin formulations.
The carbon fiber incorporated into the thermoplastic/thermoset resins was
made by Union Carbide. "Thornel", an untreated carbon fiber, type: VS-0066, grade:
P - 25, finish: 0, twist: 0, was used. The fibers were not modified prior to use.
Carbon Fiber Incorporation Resin Formulation
Resins based on 16.0% and 34.2% 3100 M
n
tBPK were formulated. The
16.0% reactive thermoplastic modified resin has been previously shown to have a
thermoset-rich continuous phase with thermoplastic -rich inclusions, Figure 3.7, and
the 34.2% reactive thermoplastic modified resin has been shown to have a
thermoplastic-rich continuous phase with thermoset-rich inclusions, Figure 3.9. The
fabrication of these resins was discussed in detail in the Chapter 3 experimental
section.
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Carbon fibers were placed in grooves in a silicone rubber TEM sample mold.
The resin was carefully poured into the mold and several samples were prepared.
The resin was cured using the standard curing technique; 2 hours at 170°C followed
by two hours at 230°C under vacuum.
Transmission electron microscopy samples were taken from bulk samples
away from the surface. The samples were room temperature microtomed using a
diamond knife. The microtomed sections were about 80 nanometers thick and
stained for four hours with osmium tetroxide prior to examination. A Jeol 100 CX
transmission electron microscope operating at 100 kV was used.
Carbon Fiber Incorporation Results
The morphology of the 16.0% 3100 M
n tBPK/E828-DDS resin, as
determined by TEM, in the vicinity of the untreated carbon fiber is shown in Figure
5.6. The large black semi-circular region at the bottom of the figure is the carbon
fiber, the light area within the matrix is the thermoset-rich region, and the small dark
inclusions are thermoplastic
-rich regions. No irregular morphology is apparent at the
fiber/matrix interface.
Figure 5.7 is a TEM micrograph of the 34.2% 3100 M
n
tBPK/E828-DDS in
the vicinity of the untreated carbon fiber. The large white area is where the carbon
fiber has fallen from the matrix. The dark black border at the bottom is a sample
grid line. The light areas within the matrix are thermoset-rich inclusions, and the
dark region is the thermoplastic-rich continuous phase. Careful examination of the
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fiber/matrix interface shows that the light-colored, thermoset-rich phase has
preferentially wet the carbon fiber. Figure 5.8 is an enlargement of this area more
clearly demonstrating that a light-colored region is evident around the former fiber
location. The white area is where the carbon fiber has fallen out of the matrix.
Carbon Fiber Incorporation Discussion
The effect of carbon fiber incorporation on the phase separated morphology
of a 3100 Mn tBPK/E828-DDS resin system at a low thermoplastic oligomer loading
level, 16.0%, and a high thermoplastic oligomer loading level, 34.2%, is shown in
Figures 5.6 - 5.8. The morphologies of the 16.0% and 34.2% loading levels were
previously shown to have a thermoset-rich continuous phase with thermoplastic-rich
inclusions, and a thermoplastic-rich continuous phase with thermoset-rich inclusions,
respectively. The incorporation of the untreated carbon fiber into the 16.0% reactive
thermoplastic oligomer modified resin did not appear to result in any irregular phase
separation near the fiber/matrix interface. The thermoset-rich phase was the
continuous phase and the region around the carbon fiber also appears to be
predominantly thermoset-rich. The determination of interphase properties is limited
by the ability to preferentially stain the phase separated resin. Irregularities that may
be present, but do not preferentially stain, will not be observed.
While the 16.0% reactive thermoplastic oligomer, consisting of a thermoset-
rich continuous phase, did not show any irregular phase separation at the fiber/matrix
interface the thermoplastic-rich continuous phase resin, 34.2% reactive thermoplastic
oligomer, appears to exhibit preferential wetting in this area. The resin system has a
dark-colored thermoplastic-rich continuous phase with light-colored thermoset-rich
inclusions. However, Figures 5.7 and 5.8 appear to show that the thermoset-rich
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phase has preferentially wet the carbon fiber. The appearance of a light-colored
region, 0.1 - 1.0 microns wide, around the circumference of the fiber is the evidence
of preferential phase separation.
The implications of this type of behaviour are unclear. Thermosetting resins
are known to adhere to fibrous reinforcements better than thermoplastics5^**
Excellent adhesion between fibers and the matrix is an essential composite property
for effective load transfer. A thermoset-rich continuous phase at the interface would
potentially be indicative of a system with improved adhesion. However, repeated
attempts to microtome samples of this morphology without having the fiber fall out
of the matrix were unsuccessful. These problems were not encountered in the
microtoming of samples possessing a thermoset-rich continuous phase, Figure 5.6.
The presence or absence of a fiber in a microtomed section is only a very
rough test of adhesion. Microtoming involves propagating a crack through a very
thin cross section and is a function of several parameters including; modulus,
adhesion, sample thickness, crack propagation rate, as well as several other factors.
The cause of this phenomena is most likely related to the modulus of the material or
the composition of the interphase. If the epoxy preferentially wets the fiber very
early in the curing process, a stoichiometric amount of amine may not be present
within this region. This could potentially result in a weakly crosslinked epoxy-amine
phase that, below its glass transition temperature, would have very poor mechanical
properties. If this is indeed occurring poor adhesion attributable to a weak interphase
may explain the inability to microtome fiber containing samples.
Attempts to modify the surface energy of the carbon fiber using chemical or
radiation-induced etching methods were not pursued. The phase separation process
is believed to be driven in part by the minimization of surface free energies. The
observation of thermoset-rich phase preferential carbon fiber wetting indicates that
the surface energy difference between these two components is less than that of the
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thermoplastic-rich component and the carbon fiber. It is believed that different
morphologies and different levels of adhesion could be achieved through the
modification of the fiber surface.
Carbon Fiber Incorporation Conclusions
It has been shown that the phase separation near the interface of an untreated
carbon fiber and a reactive thermoplastic oligomer modified resin is dependent on the
reactive thermoplastic oligomer loading level. A 16.0% 3100 M
n tBPK/E828-DDS
resin system resulted in a thermoset-rich continuous phase matrix with thermoplastic-
rich inclusions and displayed no irregular phase separation at the fiber-matrix
interface. A 34.2% 3100 M
n tBPK/E828-DDS resin system resulted in a
thermoplastic-rich continuous phase with thermoset-rich inclusions and a thermoset-
rich fiber/matrix interphase. It was speculated that thermoset-rich preferential
wetting would result in improved fiber/matrix adhesion, but the absence of the fibers
in microtomed sections was indicative of weaker adhesion.
Lap Shear Adhesion Characteristics
Lap Shear Adhesion Introduction
High performance adhesive applications are another potential use for these
thermoplastic/thermoset resins. Tough materials that can bond with a variety of
metal and/or plastic substrates are required. The effect of bond thickness restrictions
on rubber-toughened resins was discussed in the background section. The influence
of bond thickness restrictions on the fracture behaviour are not as significant in lap
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shear adhesion testing compared to normal-force adhesive testing, but insight into the
adhesive nature and the mode of failure in reactive thermoplastic oligomer modified
epoxy/amine resins will be achieved. This section summarizes the lap shear adhesive
characteristics of a neat E828-DDS resin, and a 33.9% 5600 M
n tBPK/E828-DDS
resin
An experimental section is first presented discussing the materials and equipment. A
results section summarizes the adhesive properties and is followed by a brief
discussion section and a conclusions section summarizing the important results.
Lap Shear Adhesion Experimental
Lao Shear Adhesion Materials
Epon 828, (E828), a diglycidyl ether of bisphenol A, was obtained from Shell
Chemical Company and used as received. 4,4' - diaminodiphenylsulfone, (DDS),
was obtained from Aldrich Chemical Company and used as received. An amine-
terminated 5600 M
n tertiary-butylhydroquinone-based poly(aryl ether ketone),
(tBPK), was used as the reactive thermoplastic oligomer modifier. The synthesis of
the reactive thermoplastic oligomers are discussed in detail in Chapter 2. A
stoichiometric ratio of 1.0 was used for all resin formulations.
Lap Shear Adhesion Equipment
A free standing Instron hydraulic tensile tester was used for all of the lap
shear adhesion tests. A crosshead rate of 0.038 cm/s was used. The load cell was
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calibrated before use. Steel lap-shear adhere tabs three tnches long and one inch
wide were used.
LaD Shear Adhesion Simple Prepnrn tjftn
Two resins were formulated for lap shear adhesive testing; a neat E828-DDS
resin, and a 33.9% 5600 M
n tBPK/E828-DDS resin. The 33.9% 5600 M,
tBPK/E828-DDS resin is a thermoplastic-rich continuous phase resin with thermoset
rich inclusions. The fabrication of the thermoplastic oligomer modified resin is very
similar to the methods discussed in Chapter 3 except, instead of pouring the resin
into a sheet mold, stainless steel lap shear sample tabs were coated and cured.
The steel tabs were cleaned by sanding, and then thoroughly washing with
both methylene chloride and acetone. The tabs were coated shortly after drying to
prevent excessive oxidation. The rectangular tabs were one inch wide. An area
approximately one inch square was coated with resin. No stringent control of bond
thickness was attempted, but the all thicknesses were less than 0.5 mm.
Lap Shear Adhesion Results
Four 33.9% 5600 M
n
tBPK/E828-DDS resin lap shear adhesion samples and
four E828-DDS resin lap shear adhesion samples were tested. The results of these
tests are shown below in Table 5.2. The data shows that the 33.9% 5600 M,
tBPK/E828-DDS resin has a larger adhesive strength, but the results are within
experimental error. All of the resins were observed to fail at the polymer/steel
interface.
n
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Table 5.2 Lap Shear Adhesive Breaking Strengths
Material Adhesive Strength Standard Deviation
(MPa) (MPa)
E828-DDS
i 1-5 1.1
33.9% 5600 M
n
15.0 2.4
tBPK/E828-DDS
Lap Shear Adhesion Discussion
The adhesive strength of the 33.9% 5600 M
n tBPK/E828-DDS resin appears
be slightly larger than the neat E828-DDS resin. Because only four samples were
tested the error associated with these measurements are relatively large, and the data
are within experimental error. Both systems failed at the resin/steel interface.
Therefore, the effect of increased toughness, associated with the reactive
thermoplastic modified resins, is not readily observed. However, the observed
interfacial failure allows for a direct comparison of the adhesive properties of the two
systems and the nearly equivalent results show that the thermoplastic/thermoset resin
bonds well to a steel substrate.
The morphology near the interface of these lap-shear samples was also not
evaluated. The incorporation of carbon fibers showed preferential phase separation
near the fiber/matrix interface, as discussed previously, and similar phenomena may
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be present in this system. Attempts to modify the polymer steel interface were no,
pursued, although the failure of the lap-shear samples at the interface may be
indicative of surface defects.
The wetting characteristics of the two systems were significantly different.
The neat E828-DDS was very easily spread onto room temperature lap-shear sample
tabs. The reactive thermoplastic oligomer modified resins were, however, much
more difficult to spread. The resin would immediately form into ball-like clumps at
room temperature and the cured samples had non-uniform thicknesses. Heating the
steel lap-shear tabs to 150°C on a hot plate facilitated sample preparation. This
behaviour is further evidence of the surface energy difference between the
thermoplastic modified resins and the neat unmodified resins.
The observation of slightly improved adhesive strengths in the reactive
thermoplastic oligomer modified resin, relative to the unmodified resin, suggests that
despite the poor wetting characteristics lap-shear adhesive properties similar to, or
better than, E828-DDS can be achieved. This result is consistent with the debonding
phenomena discussed in the volumetric constraint subsection where the
thermoplastic-continuous phase resin appears to adhere to the stainless steel
constraining tube better than the thermoset-rich continuous phase resin. These initial
results show that the reactive thermoplastic oligomer modified resins may be of
interest for high performance adhesive applications. Attempts to further determine
whether the toughness of the thermoplastic-modified resin systems translates to tough
adhesives were not attempted.
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Lap Shear Adhesion Conclusions
A comparison of the lap shear adhesive strengths of a neat E828-DDS resin
and a 33.9% 5600 Mn tBPK/E828-DDS resin showed the 33.9% 5600 M
n
tBPK/E828-DDS resin possessed a slightly larger average adhesive strength, but the
results were within the limits of experimental error. The wetting characteristics were
noted to be much different. The neat E828-DDS resin readily wet the steel lap-shear
tabs, while the reactive thermoplastic oligomer modified resin was much more
difficult to spread. Both systems were observed to fail at the resin/substrate
interface. No attempts to determine the morphology of the interface, improve the
surface adhesion characteristics, or quantitatively determine the effect of bond
thickness restriction on the resin toughness were undertaken.
Thermal Expansion Coefficient Determination
Thermal Expansion Coefficient Introduction
It was shown in the section detailing the stresses that develop as a result of
volumetric constraint that the primary factor determining the magnitude of the
residual stresses is based on thermal effects. The difference between the thermal
expansion coefficient of the matrix and the fiber was shown to be proportional to the
magnitude of the observed stress. The importance of dimensional stability and the
minimization of residual thermal stresses makes a knowledge of the thermal
expansion coefficients of the reactive thermoplastic/thermoset resins desirable. The
thermal expansion coefficients of several resins discussed in Chapter 3 have been
measured and are discussed below. An experimental section briefly discusses the
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materials and methods, a results section summarizes the thermal expansion
coefficient data, a discussion section follows, and finally a conclusions section
summarizes the important results.
Thermal Expansion Coefficient Experimental
Thermal Expansion Coefficient Materia^
The materials used for this set of experiments are based on the
thermoplastic/thermoset resins discussed in Chapter 3. The synthesis, fabrication,
thermal, mechanical, and morphological properties of these resins are discussed in
great detail in Chapter 3.
Thermal Expansion Coefficient Enninmenf
A DuPont model 2400 thermal mechanical analyzer, (TMA), outfitted with a
penetration probe, was used to measure thermal expansion coefficients. Second heat
data is reported unless otherwise indicated. A heating rate of 10°C/min. was used.
Linear regions above and below the glass transition temperature were analyzed to
determine the thermal expansion coefficients. The samples were all approximately 3
mm thick and are the remaining halves of compact tension specimens.
Thermal Expansion Coefficient Results
A representative plot of thermal expansion coefficient data, 50% 3100 Mn
tBPK/E828-DDS, is shown in Figure 5.9. The dimensional change appears to be
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proportional to the temperature change both above and below the glass transition
temperature. The data in Tables 5.3 - 5.6, below, are the thermal expansion
coefficients of four series of thermoplastic/thermoset resins. The resins are based on;
7.7%
- 44.5% 3100 Mn tBPK/E828-DDS, 7.7% - 34.2% 3100 M
n MePK/E828-DDS,
7.7%
- 33.6% 9000 Mn tBPK/E828-DDS, and 27.7% - 34.8% 9000 M
n tBPK/E828-
MDA respectively. The thermal expansion coefficient of the unmodified
epoxy/amine resin is shown in each table for comparison.
Table 5.3
Thermal Expansion Coefficients of 3100 M
n tBPK/E828-DDS Resins
Reactive Thermoplastic
Oligomer Loading Level
(%)
0
7.7
16.0
24.9
34.2
44.5
Thermal Expansion Coeff. Thermal Expansion Coeff.
Glass State Rubber State
(ppm/°C)
69
66
71
66
72
64
(ppm/°C)
168
181*
170
182
198
193
* Third heat data
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Table 5.4
Thermal Expansion Coefficients of 3100 M
n MePK/E828-DDS Resins
Reactive Thermoplastic
Oligomer Loading Level
(%)
0
7.7
16.0
24.9
34.2
Thermal Expansion Coeff.
Glass State
(ppm/°C)
69
69
69
65
61
Thermal Expansion Coeff.
Rubber State
(ppm/°C)
168
173
172
179
183
Table 5.5
Thermal Expansion Coefficients of 9000 M
n tBPK/E828-DDS Resins
Reactive Thermoplastic Thermal Expansion Coeff. Thermal Expansion Coeff.
Oligomer Loading Level Glass State Rubber State
(%) (ppm/°C) (ppm/°C)
0 69 168
7.7 73 178
15.9 72 183
24.4 65 176
33.6 57 186
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Table 5.6
Thermal Expansion Coefficients of 9000 M
n tBPK/E828-MDA Resins
Reactive Thermoplastic Thermal Expansion Coeff. Thermal Expansion Coeff.
Oligomer Loading Level Glass State Rubber State
(%) (PPm/°C) (ppm/°C)
0 69 168
27-7 77 200
34.8 72 198
Thermal Expansion Coefficient Discussion
The thermal expansion data show that the thermal expansion coefficients of
the glass state, in general, decrease as a function of reactive thermoplastic oligomer
loading level, and that the thermal expansion coefficients of the rubber state increase
as a function of reactive thermoplastic oligomer loading level. Glass state thermal
expansion coefficient decreases ranging from 7% to 17% are observed. The data do
not appear to strongly correlate with the phase separated morphology characterized
and discussed in Chapter 3. Rather, the thermal expansion coefficients appear to be
proportional to the reactive thermoplastic oligomer weight fraction.
The decrease in the glass state thermal expansion coefficient is desirable. As
was discussed in the volumetric constraint section, the thermal expansion coefficient
mismatch between the polymer matrix and a reinforcing second component or a
substrate in these resins is the major cause of residual stress. Because polymers have
relatively large thermal expansion coefficients, decreasing the thermal expansion
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coefficient will result in smaller themtally-indueed residual stresses, caused by high
temperature curing, in composite and adhestve applications. The larger rubber-state
thermal expanston coefficients of the high loading level thermoplastic/thermose.
resins will result in larger rubber-state stresses. However, with the exception of
volumetrically constrained situations, the magnitude of these stresses are much
smaller than the glass-state thermally-induced residual stresses due to the low rubber
state modulus.
Thermal Expansion Coefficient Conclusions
The thermal expansion coefficients of four thermoplastic/thermoset resin
systems have been evaluated. It was shown that, in general, the thermal expansion
coefficients of the glass state decrease as a function of reactive thermoplastic
oligomer loading level and that the thermal expansion coefficients of the rubber state
increase as a function of reactive thermoplastic oligomer loading level. Glass state
thermal expansion coefficient decreases of 7% to 17% were observed. The 33.6%
9000 Mn tBPK/E828-DDS resin had the lowest glass state thermal expansion
coefficient, 57 ppm. The lower glass state thermal expansion coefficients of the
reactive thermoplastic oligomer loading level resins are desirable for the reduction of
thermally induced residual stresses.
Chapter Conclusions
The contents of this chapter detailed research efforts concerned with
mechanical and morphological properties of reactive thermoplastic oligomer
modified epoxy/amine resin systems relevant to high performance composite and
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adhesive applications. The toughness associated with the inherent ductility of these
systems was first discussed relative to the induced toughening mechanisms of rubber
modified high performance resins. The translation of neat resin toughness
characteristics to composite and adhesive applications were postulated to occur
because the microstructural alterations that are believed to hinder rubber toughened
resins are not expected to influence the inherent ductility-induced toughness of
thermoplastic/thermoset resins.
The magnitude of volumetrically confined residual stresses were measured
using a technique developed in our laboratory. Incremental elasticity was used to
theoretically describe the influence of volumetric constraint. The important variables
of reaction shrinkage, thermal expansion coefficient mismatch, modulus, and
temperature change were related to the observed stresses. The residual stresses were
shown to cause void formation in the thermoplastic-rich phase.
The influence of carbon fiber incorporation on the phase separated
morphology was also discussed. No irregular phase separation was observed near the
fiber/matrix interface of a thermoset-rich continuous phase resin, while thermoset-
rich material was shown to form an interphase between the carbon fiber and the
matrix in a thermoplastic-rich continuous phase resin. The adhesion between the
carbon fiber and the matrix of resins possessing this interphase was postulated to be
reduced because of the inability to microtome fiber containing samples with this
morphology.
Lap-shear adhesive characteristics were also briefly investigated. A resin
possessing a thermoplastic-rich continuous phase was shown to possess a slightly
greater adhesive strength than an unmodified E828-DDS resin. This result was
qualitatively similar to adhesive characteristics noted in the volumetrically
constrained samples.
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Finally, the thennal expansion coefficients of several resins were measured.
TTie thermal expansion coefficten, of the glass state was shown to decrease as a
function of thermoplastic oligomer loading level, and the thennal expansion
coefficient of the rubber state was found to increase with respect to the thermoplastic
oligomer loading level. The lower glass state thennal expansion coefficient data was
shown to be desirable in the reduction of thermally-induced residual stresses.
CHAPTER VI
NOVEL THERMOTROPIC LIQUID CRYSTALLINE
POLY(ARYL ETHER KET()NE)S
The synthesis and characterization of novel thermotropic liquid crystalline
poly(aryl ether ketone) polymers is presented in this chapter. The properties of two
series of copolymers based on a biphenyl mesogen and a crystal disrupting
substituted hydroquinone are discussed. Thermal and optical characterization
techniques are primarily used to determine the liquid crystalline properties, while x-
ray and electron diffraction methods were used to evaluate crystalline unit cells and
quenched liquid crystalline order. Several potential applications for these materials
are discussed, including; novel thermotropic liquid crystalline polymers, processing
aids, reinforcing agents, fibers, films, and low viscosity reactive thermoplastics.
A background section where the conceptual goals are defined and discussed
in the context of commercial demands is first presented. An experimental section
follows and defines the materials and methods used for characterization. A synthesis
section next defines the synthetic route and an example is given. A results section
presents the thermal, morphological, and spectroscopic results of this research. A
discussion section follows analyzing the previously presented data and potential
applications. Finally, a conclusion section summarizes the findings of this chapter.
Background
The previous chapters of this dissertation have been devoted to developing an
understanding of the thermal, mechanical, and morphological properties of reactive
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thermoplastic oligomer modified high performance epoxy/amine resin systems.
These systems were shown to address the deficiencies associated with standard high
performance thermoset resins; toughness, and high performance engineering
thermoplastic resins; processability. The hybrid properties of these systems
combined thermoset-like processing with thermoplastic-like toughness. However,
the toughness of these systems were approximately one-half that of commercial
poly(ether ether ketone), PEEK, or poly(ether ketone ketone), PEKK53*61
. All of the
thermoplastic/thermoset hybrid resins were amorphous and hence susceptible to
permeant exposure.
In many commercial applications extreme levels of toughness and
crystallinity are demanded and the properties of semi-crystalline aromatic
engineering thermoplastics, like PEEK and PEKK, are required53
. The high melting
temperatures and subsequent large melt viscosities associated with these semi-
crystalline aromatic engineering thermoplastics are the primary drawbacks in
producing these materials56 -60
. Because crystallinity is essential in achieving
maximum solvent resistance and improved mechanical properties, reducing the
degree of crystallinity is not desirable55
. However, if materials possessing lower
melting temperatures and/or lower melt viscosities could be synthesized while
maintaining the toughness and solvent resistance properties of the commercial
poly(aryl ether ketone)s discussed above, a unique and potentially important material
may result.
Thermotropic liquid crystalline polymers possessing a nematic mesophase are
known to have melt viscosities significantly lower than structurally similar polymers
having an isotropic melt state 174' 179 . The nematic state melt viscosity of aromatic
polyesters has been observed to be two orders of magnitude lower than the isotropic
state 178 . In addition, polymers of this type have been added to isotropic polymers to
reduce the melt viscosity or reinforce solid-state mechanical properties 175 - 179,182 .
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Reducing the melt viscosity of poly(aryl ether ketone)s, therefore, may be achievable
through the synthesis of thermotropic liquid crystalline poly(aryl ether ketone)s. A
search of Chemical Abstracts indicated that the synthesis of thermotropic liquid
crystalline poly(aryl ether ketone)s has not been reported to date.
Because poly(aryl ether ketone)s possess the crystallinity and toughness
characteristics desirable for high performance applications, maintaining an aromatic
main chain with ether and ketone linkages was considered a prerequisite in the
synthesis of useful novel thermotropic liquid crystalline poly(aryl ether ketone)s.
Biphenyl is a common, well known, liquid crystal mesogen 174
. 4,4'-biphenol
contains the biphenyl mesogen and the reactive functionalities necessary for
incorporation into a poly(aryl ether ketone) polymer. Researchers elsewhere have
synthesized 4,4'-biphenol-based poly(ether ether ketone) and have reported a 420°C
melting, too high for conventional processing, and no liquid crystalline properties 129
.
An axial ratio of only 6.42 is required to attain a liquid crystalline melt
according to Flory lattice theory 183
.
However, in order to achieve desirable
mechanical properties polymers must have high molecular weights. The required
combination of high molecular weight and rigid backbones for thermotropic liquid
crystalline polymers has led to materials that decompose, Tm > 500°C, before
melting 174
.
One method to depress melting temperatures to achieve polymers that
melt and possess liquid states with low enough entropy to support liquid crystalline
mesophases is to incorporate side groups into the rigid polymer backbone 174 .
The research of this dissertation has shown that poly(aryl ether ketone)s based
on t-butylhydroquinone and 4,4'-difluorobenzophenone, or phenylhydroquinone and
4,4'-difluorobenzophenone, result in amorphous polymers, Chapter 2. It was
believed that synthesizing a copolymer containing a ratio of the liquid crystal
biphenyl mesogen, biphenol, and a crystal disrupting substituted hydroquinone unit,
t-butylhydroquinone or phenylhydroquinone, would lead to a polymer possessing a
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pers1Stence length and melting temperature adequate for metatropic liquid
crystallinity. An aromatic polyester analog, possessing liquid crystallinity
, has been
synthesized elsewhere- Therefore, two senes of poly(ary, ether ketone)
copolymers based on ratios of biphenoVt-butylhydroquinone, and
biphenol/phenylhydroquinone were synthesized and evaluated.
Experiment
This section details the materials and methods that were used in the synthesis
and charactenzation of the thermotropic liquid crystalline poly(aryl ether ketone)s
discussed in this chapter. The materials and purification techniques are first
presented. The characterization methods section follows.
Materials
4,4'-difluorobenzophenone, t-butylhydroquinone, phenylhydroquinone,
biphenol, toluene, and N-methyl-2-pyrrolidone, NMP, were purchased from Aldrich
Chemical Company in the highest available purity. Anhydrous potassium carbonate,
from Fischer Chemicals, was purchased from the stockroom. 4,4*-
difluorobenzophenone, and t-butylhydroquinone were purified by sublimation at
temperatures 5-10°C below their respective melting points while under vacuum.
Phenylhydroquinone was twice recrystallized from a 70/30 (v/v) toluene/hexane
mixture. Anhydrous potassium carbonate was ground and then dried at 150°C under
vacuum for 24 hours before use. Biphenol was used as received. Toluene was
distilled over calcium hydride and stored under nitrogen prior to use. NMP was
distilled over phosphorous pentoxide and stored under nitrogen prior to use.
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Methanol was used as received from the stockroom. Distilled water was used as
obtained from the laboratory distilled water supply.
Methods
Differential scanning calorimetry, DSC, was performed using a DuPont
Instruments 2910 differential scanning calorimeter. The DSC was calibrated with an
indium reference standard. A DuPont Instruments 2950 thermogravimetric analyzer,
TGA, was used to determine weight loss. TGA measurements were performed under
a constant air or nitrogen purge. A Leitz optical microscope was used in conjunction
with a Likman THS 1500 hot stage to observe optical transitions. Wide angle x-ray
scattering, WAXS, measurements were taken using an x-ray statton camera with a
74.7 mm surface to film distance and outfitted with a 0.20 mm x-ray collimator. A
CuKa x-ray source with a wavelength of 1.542 A was used. Elemental analysis data
was provided by the Analytical Service Department of the University of
Massachusetts. Fluorine analysis, used to determine number average molecular
weights, was performed using a Schoniger oxidation where the fluorine is burned in
the presence of oxygen in a flask containing platinum catalyst and water. The
produced fluoride anion is dissolved in the water and measured with a fluoride ion
selective electrode previously calibrated with known standards.
Synthesis
The thermotropic liquid crystalline poly(aryl ether ketone) synthesis is a
copolymerization and is similar to the route used to synthesize the fluorine-
terminated reactive poly(aryl ether ketone)s discussed in Chapter 2. A base-
promoted aromatic nucleophilic substitution reaction involving a substituted
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hydroquinone, biphenol, and 4,4'-difluorobenzophenone is used. Figure 6.1 is a
schematic of this reaction scheme. An NMP and toluene co-solvent system is used in
conjunction with potassium carbonate, K2C03 , a weak base that deprotonates the
hydroxyl groups and does not react with the carbonyls. Toluene is an azeotroping
agent and its relative amount determines the reflux temperature. This method was
developed elsewhere 142 for the synthesis of poly(aryl ether sulfone)s and poly(aryl
ether ketone)s and is discussed in detail in Chapter 2.
The described reaction scheme affords polymers of high molecular weights
for amorphous systems. Semi-crystalline materials, however, are known to
prematurely crystallize from the reaction solution and high molecular weights are not
initially attained. Premature crystallization has long been a problem in the synthesis
of poly(aryl ether ketone)s 123,126 and has been overcome through the use of strongly
acidic 124 or very high boiling solvents63 . Premature crystallization was encountered
in the synthesis of the thermotropic liquid crystalline poly(aryl ether ketone)s of this
chapter. Polymeric materials of both low and high molecular weight are believed to
have been attained. The extreme insolubility of these materials prevented a direct
measure of the molecular weight. However, it will be shown that the copolymers
appear to further polymerize affording higher molecular weights after heat
treatments.
The primary objective of this effort is to determine if thermotropic liquid
crystalline poly(aryl ether ketone)s can be achieved. The ease of the NMP/toluene-
based reaction system allowed for the alteration of several synthetic variables and the
screening of several copolymers. The ability to screen several different systems was
believed to outweigh the consequences associated with low molecular weight
synthesis for the purposes of initial investigations. It is believed that high molecular
weight polymers of this type can be achieved by using one of the described reaction
schemes for semi-crystalline poly(aryl ether ketone) synthesis.
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R
+ ho-^j>-oh + H°^yf\ OH
(crystal disrupting unit) (mesogen)
(1-x)
NMP / Toluene
160°C/16hrs
K2C03
- H2OT
- C02T
t
x < 1
R = phenyl or t-butyl
+ 2KF
Figure 6. 1 . Poly(aryl ether ketone) copolymer synthetic method.
299
Higher molecular weights should not affect the presence or absence of liquid
crystallinity. Liquid crystallinity is an entropic phenomena and higher molecular
weights increase the driving force towards liquid crystallinity and increase the
clearing temperature'™. Viscous effects, associated with higher molecular weights,
may hinder the formation of higher order smectic states, and the relaxation properties
of a given mesophase, but the liquid crystalline nature will be maintained.
As was discussed in the background section, the synthesis of thermotropic
liquid crystalline poly(aryl ether ketone)s is based on copolymerization. A ratio of
biphenol, containing the biphenyl mesogen, and a crystal disrupting substituted
hydroquinone, is reacted with a slight molar excess of 4,4'-difluorobenzophenone as
shown in Figure 6. 1
.
The mesogen/crystal-disrupting-hydroquinone ratio is used to
control the degree of crystallinity and influence the liquid crystalline mesophases.
Two substituted hydroquinones; t-butylhydroquinone, and phenylhydroquinone, are
used to alter the crystallinity. The synthesis of polymers based on either of the
substituted hydroquinones, and 4,4'-difluorobenzophenone were shown to be
amorphous in Chapter 2. Polymers based on a biphenol/t-butylhydroquinone ratio of
90/10, 75/25, 50/50, 25/75, and 0/100 were synthesized. Polymers based on a
biphenol/phenylhydroquinone ratio of 75/25, 50/50, 25/75, and 0/100 were also
synthesized. These copolymers will be referred throughout the remainder of this text
as a ratio of biphenol/substituted-hydroquinone. BI/TB refers to biphenol/t-
butylhydroquinone- based copolymers, and BI/PH refers to
biphenol/phenylhydroquinone-based copolymers. For example, the 75%
biphenol/25% t-butylhydroquinone polymer will be referred to as 75BI/25TB.
The synthesis of 75BI/25TB is described below. All reagents were purified
as described previously in the experimental section. 7.21918 g (0.0331 moles) of
4,4'-difluorobenzophenone was weighed into an aluminum weighing dish and added
to a four-neck 250 ml reaction vessel. A molecular weight controlling stoichiometry
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of 0.97: 1.00 dihydroxyl moieties to fluorine containing moieties was used. This
required 0.0321 moles of dihydroxyl moieties. (It would be later realized that
premature crystallization limited the molecular weight.) Applying Equations 2.1 and
2.3, which govern the statistics of (A-A) + (B-B) step growth polymerizations, a
number average molecular weight of 1 1,800 is expected. The 75/25 ratio of
biphenol/t-butylhydroquinone results in 0.0241 moles (4.4821 g) of biphenol and
0.0080 moles (1.3331 g) of t-butylhydroquinone. These quantities were carefully
weighed into aluminum weighing dishes and added to the reaction vessel. All of the
weighing pans were washed with NMP to ensure complete reagent transfer. A 40%
molar excess of K2C03 , 0.0449 moles, (6.2 g) was also added to the reaction vessel.
The four-neck flask was outfitted with a mechanical stirrer, thermometer,
nitrogen inlet, and a Dean-Stark trap fit with a condenser and a nitrogen outlet. The
reaction vessel was purged with dry nitrogen for two hours. A 5:1, NMP:toluene,
solvent volume ratio (100 mls:20 mis) was then added via cannula. This corresponds
to an 11% monomer. The reaction was heated to a 160°C reflux temperature and
reacted for 16 hours. Not all of the expected water of reaction was observed to be
collected in the Dean-Stark trap, and the reaction mixture was opaque. Both of these
phenomena are indicative of premature crystallization.
The mixture was then precipitated by pouring the flask contents into rapidly
stirring methanol. A fine white powder resulted. The powder was filtered, washed
in boiling methanol, filtered, washed in boiling methanol, filtered, washed in boiling
water, filtered, washed in boiling water, washed in boiling methanol and then
vacuum dried for three days at 105°C. A yield of 1 1.3967 g, 87.4%, was attained.
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Results
were
This section summarizes the thermal, spectroscopic, and mechanical
properties of the thermotropic liquid crystalline poly(aryl ether ketone)s that
synthesized as described above. The properties of each copolymer are presented
separately. The biphenol/t-butylhydroquinone-based copolymer properties are
presented first and are followed by the biphenoVphenylhydroquinone-based
copolymer properties. Thermal properties are first shown for each system and then
correlated with optical microscopy observations. Wide angle x-ray scattering and
electron diffraction data is presented in an attempt to characterize some of the higher
order smectic states.
Biphenol/t-Butylhydroquinone-based Copolymer Results
90% Biphenol/10% r-Bntylhvdrooiiinone Connlvinpr Results
Three, 20°C/min., heating and three, 20°C/min., cooling DSC traces of the
90BI/10TB copolymer are shown in Figure 6.2. Two first order transitions are
evident in both the heating and cooling data. The transitions of this material for
several different thermal histories are shown below in Table 6.1. Peak 1 refers to the
lower temperature first order transition, and peak 2 refers to the higher temperature
first order transition. The 20°C/min. cooling traces are essentially equivalent for all
of the different thermal histories, and only the exotherms of the first two, 20°C/min.,
cooling transitions are characterized in Table 6.1. As shown in Table 6.1, the
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magnitude and position of the heating endotherms are more thermal history
dependent than the corresponding cooling exotherms. The most significant effect
was observed in the quench from 430°C data where an exothermic peak at 342°C
was observed upon heating. A glass transition temperature was not observed in any
of the DSC traces.
Table 6. 1
.
DSC Transitions of the 90BI/10TB Copolymer.
Thermal History Peak 1 Peak 2
Onset Peak AHf Onset Peak AHf
(°C) (°C) (cal/g) (°C) (°C) (cal/g)
1st Heat, 20°C/min. 340 347 8.3 395 413 15.1
2nd Heat, 20°C/min. 305 325 9.7 393 412 13.0
after 20°C/min. cooling
1st 20°C/min. heat
after 360°C 5 min. anneal 306 325 8.2 391 410 13.2
and subsequent quench
1st 20°C/min. heat after
quench from 430°C* 291 317 2.2 390 409 12.9
1st Cool, 20°C/min. 314 334 5.8 392 388 12.7
2nd Cool, 20°C/min. 313 333 5.7 391 385 12.3
An exotherm with a 342°C onset, 348°C peak, and 2.2 cal/g enthalpy change was evident
Characterizing the 90BI/10TB copolymer optically showed that upon heating
at 20°C/min. a small amount of melting was observed from 340°C to 360°C, and a
significant amount of melting was observed between 386°C and 415°C. The sample
was easily sheared at temperatures above 413°C No birefringence was observed
above 415°C. A very thin sample was prepared between glass slides at 435°G
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Cooling at 5°C/min. from 435°C showed that spherulites began to form at 386°C
No shear induced birefringence was observed in the melt during the 5°C/min. cooling
from 435°C. Small spherulites were observed to form in interstitial regions between
larger spherulites as the copolymer continued to cool.
Elemental analysis for fluorine showed that the sample was 1.85% fluorine by
weight. Assuming that the sample is completely fluorine terminated a 2100 number
average molecular weight is attained. This number average molecular weight
corresponds to a number average degree of polymerization of 1 1.6.
No spectroscopic analysis was undertaken.
75% BiDhenQl/2S% t-Biitvlhvdroqninnne Conolvmpr Rp*.| |fr
Two, 3°C/min., heating and two, 3°C/min., cooling DSC traces of the
75BI/25TB copolymer are shown in Figure 6.3. (Slow heating and cooling traces are
used for this sample because it displays liquid crystalline characteristics.) Two first
order transitions are evident in both the heating and cooling data. The transitions of
this material for different thermal histories are characterized in Table 6.2. Peak 1
refers to the lower temperature first order transition, and peak 2 refers to the higher
temperature first order transition. The cooling traces are essentially independent of
the different thermal histories, and only the exotherms of the first two, 3°C/min.,
cooling transitions are characterized in Table 6.2. The magnitude and position of the
heating endotherms are more thermal history dependent than the corresponding
cooling exotherms. A 147°C, second heat, glass transition temperature was observed
in the 20°C/min. heating data following a 20°C/min. cooling cycle.
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6.2. DSC Transitions of the 75BI/25TB Copolymer.
Thermal History reak i Peak 2
DonI/reak ATTAHf Onset Peak AHf
(°C) (°C) (cal/g) (°C) (°C) (cal/e)
1st Heat 1°C*/m*n 325 332 12.3 387 402 6.82nd Heat, 3°C/min.
after 3°C/min. cooling 300 322 9.6 368 397 5.9
2nd Heat, 20°C/min.
after 20°C/min. cooling 304 325 7.4 372 397 6.2
3rd 20°C/min. heat
after 300°C, 5 hr. anneal 297 323 5.9 359 391 5.0
3rd 20°C/min. heat
after410°C, 1 hr. anneal 297 322 5.8 359 390 5.0
1st Cool, 3°C/min. 329 322 8.3 376 368 4.8
2nd Cool, 3°C/min. 327 320 7.1 370 361 3.9
Optical microscopy was used to further characterize the transitions discussed
above. The sample was initially heated to 425°C and thin samples were prepared
between glass slides. The sample was then cooled at 5°C/minute. In the presence of
cross polarized light, shear induced thread-like nematic textures were observed at
temperatures ranging from 390°C to 370°C. The thread-like texture would disappear
in about 1 second. A thread-like optically birefringent texture began to form at
370°C without shear. Highly oriented thread-like optical textures could be formed at
345°C. The sample could no longer be sheared at temperatures below 328°C. No
evidence of optical textures other than the thread-like texture was observed. Figure
6.4 is an optical micrograph of the observed thread-like optical texture. Heating the
sample showed that the thread-like texture began to disappear at about 390°C and no
birefringence was observed above 410°C.
Figure 6.4. Thread-like optical texture observed in the 75BI/25TB copolymer
at 380°C.
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Elemental analysis for fluorine and an evaluation of the spectroscopic
characteristics of this sample was not undertaken.
Two, 3°C/min., heating and two, 3°C/min., cooling DSC traces of the
50BI/50TB copolymer are shown in Figure 6.5. (Slow heating and cooling traces are
used for this sample because it displays liquid crystalline characteristics.) Two
sharp, lower temperature, first order transitions and a broad high temperature first
order transition are evident in the first heat data. Two broad first order transitions
are evident in the second heat data. Only one broad first order transition is apparent
in the 3°C/min. cooling data. Figure 6.6 is the 5°C/min. heating trace of 50BI/50TB
after cooling at 5°C/min. to 337°C, annealing for 30 minutes, and then quenching to
room temperature. An extra peak at 355°C is evident. The DSC transitions for
several different thermal histories are shown in Table 6.3. Peak 1 refers to the lower
temperature first order transition and peak 2 refers to the higher temperature first
order transition. A reproducible 149°C glass transition temperature was observed in
the 20°C/min. heating data following 20°C/min. cooling cycles. (The glass transition
temperature was, as expected, found to be dependent on the thermal history.)
Optical microscopy was used to further characterize the transitions of Table
6.3. The sample was initially heated to 425°C and thin samples were prepared
between glass slides. The sample was then cooled at 5°C/minute. In the presence of
cross-polarized light thread-like optical textures began to be observed at 338°C.
Further cooling at 5°C/min. resulted in thread-like textures similar to the texture
shown in Figure 6.4. Cooling at 30°C/min. results in dendritic spherulites as shown
in Figure 6.7. Cooling the sample at 5°C/min. to 337°C, and annealing for 30
minutes results in the batonette-like texture shown in Figure 6.8. Subsequent cooling
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Figure 6.7. Optical texture, indicative of dendritic spherulites, of 50BI/50TB
after cooling at 30°C/min. from the isotropic melt.
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Figure 6.8. Optical texture of 50BI/50TB after cooling at 5°C/min. to 337°C,
isothermally holding for 30 minutes.
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resulted in the formation of small spherulites in the dark regions between the
batonettes.
6.3. DSC Transitions of the 50BI/50TB Copolym
Thermal History
fin cAt
r coK 1 Peak 2
reak ATTAHf Onset Peak AHf
(°C) (°C) (cal/g) (°C) (°C) Ccal/pl
iai ncai, j wnlin. 320 330,339 9.4 358 382 1.52nd Heat 3°C/min****** * "Vlilij *J ^—V 111111.
after 3°C/min. cooling 282 315,326 7.0 357 378 1 4
3rd Heat, 20°C/min.
after 20°C/min. cooling 31 / 11 1 1 A 1 5.5 360 373 0.6
3rd 20°C/min. heat
after 300°C, 5 hr. anneal 321 332,345 8.4 361 377 0.8
3rd 20°C/min. heat
after 400°C, 1 nr. anneal 316 332,345 8.9 360 375 0.7
Annealed; 290°C, 3 hrs.
1st Heat, 5°C/min. 323 332,340 9.6 360 381 1.2
Quenched from 400°C,
1st Heat, 5°C/min. 310 322,332 5.7 354 378 1.2
5°C/min. cool to 337°C,
Annealed 30 min.,
Quenched, 301 320 2.1 347 355,379 1.0
1st Heat, 5°C/min.
2nd Cool, 3°C/min. 333 316 9.1
Heating the thread-like glass resulted in material that could be sheared at
353°C. Oriented thread-like optical textures could be achieved at 356°C. The
thread-like texture began to disappear at 360°C, and no birefringence was observed
above 385°C. Heating the batonette-textured material resulted in the disappearance
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of the spherulites between 320°C and 345°C. The batonettes slowly disappeared
between 355°C and 385°C. Attempts to shear the batonettes were unsuccessful.
The WAXS d-spacings of the 50BI/50TB copolymer are shown below in
Table 6.4 for four different thermal histories. The magnitude of the amorphous halo
is characterized on a relative scale from 0 to 10 where 0 represents no amorphous
halo and 10 represents an amorphous material. This quantity was determined
visually and is only an approximate measure. Attempts to model the unit cell of this
copolymer were unsuccessful.
Table 6.4. WAXS d-spacings of the 50BI/50TB Copolymer.
As Synthesized Quenched from
4(X)°C
Annealed;
290°C, 3 hours
Cooled 5°C/min.
from 400°C to
337°C annealed 30
min. then quenched
d-spacing intensity d-spacing intensity d-spacing intensity d-spacing intens
19.60 w 19.63 vw * *
13.31 w 13.82 vw * *
10.62 w 9.83 vw * *
4.83 vs 4.77 vs 4.73 vs 4.76 vs
4.50 s 4.49 s 4.40 s 4.48 s
4.33 vw 4.28 vw 4.28 vw
4.09 vw 4.04 vw 4.10 vw
3.89 vs 3.88 vs 3.84 vs 3.89 vs
3.15 m 3.17 m 3.23 m 3.16 m
3.08 m 3.08 m 3.16 m 3.10 m
* 2.96 w
* 2.69 w
Amorph. halo = 1 Amorph. halo = 4 Amorph. halo = 7 Amorph. halo = 6
*A very faint ring with a d-spacing similar in magnitude to the d-spacings in the same row may be
present.
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Elemental analysis for fluorine showed that the sample was 1.29% fluorine by
weight. Assuming that the sample is completely fluorine termmated a 2950 number
average molecular weight is attained. This number average molecular weight
corresponds to a number average degree of polymerization of 16.6.
Three, 20°C/min., heating and three, 20°C/min., cooling DSC traces of the
25BI/75TB copolymer are shown in Figure 6.9. Only one first order transition, a
first heat endotherm, is apparent. All subsequent heating and cooling traces have
only one second order transition. A reproducible 177°C glass transition temperature
was observed in the 20°C/min. heating data.
Optical microscopy was used to further characterize the above sample.
Regions of the sample appeared to melt between 325°C - 335°C. No birefringence
was observed after this initial melting. Cooling the sample at 5°C/min. from 425°C
did not result in the formation of any birefringence.
Wide angle x-ray scattering d-spacings of the as-synthesized 25BI/75TB
sample were determined. Very weak rings were found at 4.84 A, 4,62 A, and
3.92 A. A four hour exposure time was used. Fluorine end-group elemental analysis
was not performed.
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Biphenol/Phenylhydroquinone-based Copolymer Results
Two, 3°C/min., heating and two, 3°C/min., cooling DSC traces of the
75BI/25PH copolymer are shown in Figure 6. 10. (Slow heating and cooling traces
are used for this sample because it displays liquid crystalline characteristics.) Two
first order transitions are evident in the first heat data, while the second heat data and
both cooling traces have a dist.nct first order transition connected to a broad multi-
peaked shoulder. The transitions of this material for different thermal histories are
characterized in Table 6.5. Peak 1 refers to the lower temperature first order
transition, and peak 2 refers to the higher temperature first order transition. The
cooling traces are essentially independent of the different thermal histories, and only
the exotherms of the first two, 3°C/min., cooling transitions are characterized in
Table 6.5. The magnitude and position of the heating endotherms are more thermal
history dependent than the corresponding cooling exotherms. A 147°C, second heat,
glass transition temperature was observed in the 20°C/min. heating data following a
2()°C/min. cooling cycle.
Optical microscopy was used to further characterize the transitions discussed
above. The sample was initially heated to 425°C and a thin specimen was prepared
between glass slides. The sample was then cooled at 5°C/minute. In the presence of
cross polarized light, shear induced thread-like optical textures were observed at
temperatures ranging from 390°C to 370°C. The thread-like texture disappeared
after about 1 second. A thread-like nematic texture began to form at 370°C without
shear. Highly oriented thread-like optical textures could be formed at 345°C. The
sample could no longer be sheared at temperatures below 328°C. No evidence of
optical textures, other than the thread-like optical texture, was observed. Figure 6.4
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is an optical micrograph representative of the observed thread-.dce texture. Headng
*e sample showed that the thread-iike texture hegan to disappear at about 390°C and
no birefringence was observed above 410°C.
Table 6.5. DSC transitions of the 75BV25PH Copolymer.
Thermal History
Onset
Peak 1
Peak 2
Peak AHf Onset Peak AHf
(°C) (°C) (cal/g) (°C) (°C) (cal/g)
342 351 6.8 367 394 5.5
290 391 10.5*
295 390 11.0*
297 323 5.9 359 391 5.0
297 322 5.8 359 390 5.0
366 351 12.5*
369 363 11.6*
1st Heat, 3°C/min.
2nd Heat, 3°C/min.
after 3°C/min. cooling
2nd Heat, 20°C/min.
after 20°C/min. cooling
3rd 20°C/min. heat
after 300°C, 5 nr. anneal
3rd 20°C/min. heat
after410°C, 1 nr. anneal
1st Cool, 3°C/min.
2nd Cool, 3°C/min.
* The very broad transition is characterized as a single transition
Elemental analysis for fluorine and an evaluation of the spectroscopic
characteristics of this sample was not undertaken.
50% Biphenol/50% Phenvlhvriroquinone Copolymer Results
Two, 50BI/50PH, copolymers were synthesized. The first, 50BI/50PH-A,
was synthesized using the same technique described in the synthesis section. A 0.97
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difluorobenzophenone/dihydroxy.
mole ratio was used. The second 50BI/50PH
copolymer, 50BV50PH-B, was synthesized with a 1.00
difluorobenzophenone/dihydroxy. moiety mole ratio. The results assodated with
these two different systems are presented separately, below. Several DSC trace
figures are shown in this subsection because of the large number of first order
transitions.
50BI/50PH-A Results
Three, 20°C/min., heating and three, 20°C/min., cooling DSC traces of the
50BI/50PH-A copolymer are shown in Figure 6.11. Four, first order transitions are
evident in the second and third heat data. Two, first order transitions are evident in
all of the cooling data. The 5°C/min. second heating DSC trace, Figure 6. 12,
following a 5°C/min. cooling from 400°C, Figure 6.13, are also shown. The distinct
peak and shoulder temperatures are labeled on the respective figures for reference
and comparison purposes that will be elaborated upon in the discussion section.
Figure 6.14 is the first heat DSC trace of the 50BV50PH-A copolymer after
annealing at 170°C for 3 hours, cooling to room temperature, and then heating at
5°C/min. Figure 6. 15 is the 5°C/min. first heat DSC trace after quenching the
copolymer from 400°C. Figure 6. 16 is the 5°C/min. first heat DSC trace after slowly
cooling the copolymer at 5°C/min. to 303°C, annealing for 2 hours, and then
quenching to room temperature. A 1 12°C, 20°C/min., heating, glass transition
temperature was observed.
Optical microscopy was used to further characterize the transitions discussed
above. Heating the sample from room temperature showed that the sample became
highly birefringent at 223°C, and could easily be sheared at 257°C. Preparing thin
samples at 400°C and cooling at 5°C/min. resulted in the formation of flower-like
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structures at 303°C, Figure 6. 17. Annealing this sample for one hour and then
proceeding to cool at 5°C/min. resulted in the optical morphology shown in Figure
6.18.
Cooling the copolymer from 400°C at 30°C/min. resulted in the formation of
the plate-like structure shown in Figure 6.19. The small lines within the plates
formed on cooling at about 160°C. Upon heating from room temperature at
10°C/min. the lines turned into droplets at 168°C - 172°C and subsequently
completely disappeared at 180°C. The plate-like structure began to fade at 314°C
and was completely gone at 343°C. No birefringence was observed above 352°C.
The WAXS d-spacings of the 50BI/50PH-A copolymer are shown below in
Table 6.6 for four different thermal histories. The magnitude of the amorphous halo
is characterized on a relative scale from 0 to 10 where 0 represents no amorphous
halo and 10 represents an amorphous material. This quantity was determined
visually and is only an approximate measurement. Attempts to model the unit cell of
this copolymer were unsuccessful.
Electron diffraction was used to model the above copolymer unit cell. Thin
films were prepared by casting the molten polymer onto a salt bath. The films were
transferred to transmission electron microscopy grids and annealed at 175°C for 1
hour prior to examination. The morphology of the annealed sample is shown in
Figure 6.20. The diffraction pattern of the large oval region is shown in Figure 6.21,
and Table 6.7 lists the measured d-spacings.
An orthorhombic unit cell was determined from the diffraction pattern using a
least squares fit program. The orthorhombic unit cell has the dimensions; a = 7.10, b
= 5.58, and c = 26 A with a standard deviation of 0.236. In addition to the measured
d-spacings, Table 6.7 also lists the respective assigned Miller indices (h, k, 1), and the
respective calculated d-spacings associated with the Miller indices determined from
the unit cell and Bragg theory.
Figure 6.17. 50BI/50PH-A copolymer optical texture after cooling at
5°C/min. from 400°C to 303°C and isothermally heat treating for one hour.
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Figure 6. 18. 50BI/50PH-A copolymer optical texture after cooling at
5°C/min. from 400°C to 303°C, isothermally heat treating for one hour, and
then cooling at 5°C/min. to room temperature.
Figure 6.19. 50BI/50PH-A copolymer optical texture after cooling at
30°C/min. from 400°C to room temperature.
Figure 6.20. Transmission electron micrograph of the 50BI/50PH-A
copolymer after annealing at 175°C for one hour.
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Figure 6.21. Electron diffraction pattern from the large oval region of the
50BI/50PH-A copolymer sample shown in Figure 6.20.
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Elemental analysis for fluorine showed that 50BI/50PH-A was 2.06%
fluorine by weigh,. Assuming that the sample is completely fluorine terminated an
1850 number average modular weight is attained. This number average mo.ecular
weigh, corresponds to a number average degree of polymerization of 10.2.
Table 6.6. WAXS d-spacings of the 50BI/50PH-A Copolymer.
AnnpalpH- n u r Cooled 5°C/min.
Honours
QUe
^
d
C
from *****
30^c
400
Tr6OU3 C annealed 60
min. then quenched
1-snarinp 11 1 LCI im iy a-spacing intensity d-spacing intensity d-spacing inten
18.90 VW 19.31 vw 19.97 vw
12.75 vw 14.48 vw
10.60 VW 10.27 vw 10.62 vw
4.76 vs 4.90 vs 4.79 vs 4.73 vs
4.42 s 4.56 s 4.42 m 4.50 m
4.28 vw
4.04 vw
3.89 s 3.96 vs 3.83 vs 3.84 s
3.15 m 3.21 w 3.15 m
3.07 m 3.13 w 3.11 w 3.06 m
2.82 vw
2.71 vw
Amorph. halo = 2 Amorph. halo = 4 Amorph. halo = 3 Amorph. halo = 7
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Table 6.7. 50BI/50PH-A Electron Diffraction Data.
Index X y r Meas. h 1I
d-spac. Q-spac.
1 5.45 4.30 6.94 4.26 1 1
2 5.45 4.20 6.88 4.30 1 1 o 4 3Q
3 5.25 4.30 6.79 4.36 1 1 o 4 39
4 5.25 4.20 6.72 4.40 1 1 o 4 39
5 0.00 8.40 8.40 3.52 2 0 o 3 55
6 0.00 8.25 8.25 3.59 2 0 o 3 55
7 5.45 8.60 10.18 2.91 2 1 o 3 00
8 5.25 8.60 10.08 2.94 2 1 0 3.00
9 5.25 8.60 10.08 2.94 2 1 0 3.00
10 5.45 8.60 10.18 2.91 2 1 0 3.00
11 5.45 12.50 13.64 2.17 2 2 0 2.19
12 5.25 12.50 13.56 2.18 2 2 0 2.19
13 5.25 12.60 13.65 2.17 2 2 0 2.19
14 5.45 12.60 13.73 2.16 2 2 0 2.19
15 10.75 0.00 10.75 2.75 0 2 0 2.79
16 10.45 0.00 10.45 2.83 0 2 0 2.79
17 15.75 4.20 16.30 1.82 3 2 0 1.80
1 81 o 1 ^ 7^ a in 1 a n 1 811.01 J yj 1 80
19 15.90 4.30 16.47 1.80 3 2 0 1.80
20 15.90 4.30 16.47 1.80 3 2 0 1.80
21 0.00 16.85 16.85 1.76 4 0 0 1.78
22 0.00 16.30 16.30 1.82 4 0 0 1.78
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50BI/50PH-B Results
Three, 20°C/min., heating and three, 20°C/min., cooling DSC traces of the
50BI/50PH-B copolymer are shown in Figure 6.22. Figure 6.23 is the 3°C/min.
heating and 3°C/min. cooling DSC traces of 50BI/50PH-B. Two first order
transitions are apparent in the heating data and two first order transitions are evident
in the cooling data. A 166°C second heat 20°C/min. glass transition temperature was
measured.
The 5°C/min. heating optical microscopy data showed that the copolymer
melted at 339°C and that a thread-like optical texture was then evident. The
birefringent liquid began to darken at 361°C and was no longer birefringent at
393°C Cooling the sample at 5°C/min. from 425°C showed that stirred opalescence
could be induced at 380°C. The sample could no longer be sheared at 310°C.
Elemental analysis for fluorine showed that 50BI/50PH-B was 0.58% fluorine
by weight. Assuming that the sample was completely fluorine-terminated a 6600
number average molecular weight was attained. This number average molecular
weight corresponds to a number average degree of polymerization of 36.2.
25% BiDhenol/75% Dhenvlhvdroauinone Copolymer Results
Three, 20°C/min., heating and three, 20°C/min., cooling DSC traces of the
25BI/75PH copolymer are shown in Figure 6.24. No first order transitions are
evident. All of the heating and cooling traces have a single second order transition.
A reproducible 165°C glass transition temperature was observed in the 20°C/min.
heating data.
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Optical microscopy was used to further characterize the above sample. No
btrefringence was observed upon heating. Btrefringence was also not observed while
cooling at 5°C/min. from 425°C.
Elemental analysis for fluorine showed that the sample was 0.23% fluorine by
weight. Assuming that the sample is completely fluorine terminated a 16,500
number average molecular weight is attained. This number average molecular
weight corresponds to a number average degree of polymerization of 90.6.
No spectroscopic analysis was undertaken.
Weight Loss Properties Results
This section summarizes the weight loss properties of the biphenol/substituted
hydroquinone copolymers. Thermal gravimetric analysis was used to determine the
10°C/min. onset degradation temperatures in air. Tables 6.8 and 6.9 below show the
degradation onset temperatures of the biphenol/t-butylhydroquinone-based
copolymers and the biphenol/phenylhydroquinone-based copolymers respectively.
Table 6.8. Biphenol/t-Butylhydroquinone Degradation Onset Temperatures.
Composition Degradation Onset Temperature
Biphenol/t-Butylhydroquinone (°C)
90/10 538
75/25 509
50/50 506
25/75 473
0/100 476
340
Table 6.9. B.phenol/Phenylhydroquinone Degradation Onset Temperatures.
Composition
Biphenol/t-Butylhydroquinone
75/25
50/50-A
50/50-B
25^75
0/100
Degradation Onset Temperature
(°C)
550
415
534
530
525
The weight loss results as a function of time associated with isothermally
holding the 50BV50PH-B copolymer for 2 hours at 400°C in nitrogen are shown in
Figure 6.25. After losing approximately 0.5% weight in 30 minutes, the sample
loses about 0.05% weight in the remaining 90 minutes. Figure 6.26 shows the
weight loss as a function of time for the 50BV50TB copolymer while being held at
400°C for 2 hours in the presence of nitrogen. The copolymer has lost
approximately 1.2% weight by the time the TGA oven has equilibrated at 400°C.
Anomalous step-jump type results are initially attained but the copolymer appears to
be losing weight at a nearly constant rate throughout the isothermal heat treatment
time.
Mechanical Properties Results
This section summarizes the mechanical properties of the biphenol/substituted
hydroquinone copolymers. Very little mechanical characterization work was
performed. Table 6. 10 summarizes the mechanical properties of molded samples
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after
.sochermally heat treating then, for 30 minutes under
.200 psi ptessure and then
slowly cooling them. Figure 6.26 is a plot of the storage modulus and !oss modulus
of a molded 50BI/50PH-B copolymer sample as a function of temperature. A
DuPont instruments model 983 dynamic mechanical analyzer was used at 1 Hz and a
2.5°C/min. heating rate.
Table 6.10. BiphenoVSubstituted-Hydroquinone Copolymer
Mechanical Properties after 400°C Molding.
SamPle Integrity
75BW5TB Very Brittle
50BV50TB Very Brittle
75BV25PH
Brittle
50BI/50PH-A Very Brittle
50BI/50PH-B Very Strong

Disenssjftn
A discuss.cn of che results of the copolymer analysis shown above is
presented in this section. The characteristics of each copolymer are briefly
discussed. The thermal and optical transitions are related to possible physical
characteristics. WAXS and electron diffraction reS ults are used to support the
postulated characteristics of the multiple morphology copolymers. A discussion of
the potential applications for these novel thermotropic liquid crystalline poly(aryl
ether ketone)s concludes the section.
Biphenol/t-Butylhydroquinone-based Copolymers Discussion
90% Binhpnnl/IOCfr f.p
Figure 6.2 displays the DSC transitions associated with the 90BI/10TB
copolymer. Two endothermic first order transition peaks, 325°C and 412°C, are
apparent in the heating data. The optical microscopy data showed that the copolymer
could not be sheared until 412°C, indicative of a solid material before this
temperature. No birefringence was observed above 415°C, indicative of an isotropic
liquid. Shearing at 415°C did not induce stirred opalescence.
The formation of spherulites from the isotropic liquid upon cooling at
temperatures corresponding to the high temperature first order transition region is
indicative of crystallization. Quenching the resin from its isotropic state resulted in
the appearance of an exothermic peak upon heating at temperatures between the two
characteristic endothermic peaks. This peak is believed to be associated with
crystallization. No glass transition temperature was apparent in any of the DSC data.
These characteristics are indicative of a crystalline copolymer with two melting
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transitions. The presence of an isotropic Uquid and the absence of stirred
opalescence upon cooling indicate that the material is not Uquid crystalline. The high
fluorine content and the low viscosity of the liquid are mdicauve of a low molecular
weight material.
The thermal transitions as characterized by DSC of the 75BI/25TB copolymer
are shown in Figure 6.3 and Table 6.2. Two first order endotherms are evident in the
heating data. The copolymer could be sheared at temperatures above the 325°C
transition, indicative of a solid to liquid transition. Above this temperature thread-
like optical textures were evident. The birefringent thread-like optical texture,
Figure 6.4, is indicative of a nematic liquid crystal mesophase. The thread-like
birefringence began to disappear at 390°C and was completely absent at 410°C,
characteristic of a clearing temperature.
Cooling the liquid from the isotropic state, a thread-like optical texture could
be induced by shearing at temperatures from 390°C to 375°C. The optical texture
would disappear and an isotropic liquid would reappear after about one second. This
type of behaviour is indicative of stirred opalescence and characteristic of a nematic
mesophase. A thread-like nematic optical texture began to appear without shear at
370°C and could be highly oriented at 345°C. The ability to orient the thread-like
texture is also indicative of a nematic mesophase. The copolymer appears to
crystallize at 328°C where it could no longer be sheared. Therefore, it is believed
that the lower temperature transition is associated with a solid to nematic mesophase
transition, and the higher temperature transition is a nematic mesophase to isotropic
transition. No evidence of smectic mesophases was apparent. End-group analysis
was not undertaken, but the low viscosity of the liquid, the relatively low glass
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transition temperature, and the short relaxation time of the shear induced thread-like
optical texture are indicative of a relatively low molecular weight.
r Discussion
The thermal transitions as characterized by DSC of the 50BI/50TB copolymer
are shown in Figures 6.5 and 6.6 and Table 6.3. The observed optical textures are
shown in Figures 6.7 and 6.8. Three different optical textures were observed;
spherulites, indicative of crystal formation, thread-like textures, indicative of a
nematic mesophase, and batonettes, indicative of a smectic A texture.
The low temperature peak is believed to be associated with the solid to liquid
crystal transition. Two different melting endotherms are believed to be apparent and
strongly influenced by the thermal history. The first heat data of the as-synthesized
copolymer, and the 290°C 3 hour annealed material, most clearly show the two
different melting endotherms with peaks at 330°C and 340°C. The inability to shear
this material below the low temperature endotherm is further evidence that this
material is solid. Above the second melting endotherm, 340°C, the copolymer can
be sheared. A thread-like optical texture, indicative of the nematic mesophase, is
also apparent above this temperature. The birefringence of the liquid state slowly
disappears from 360°C to 385°C, where birefringence is no longer evident. The
disappearance of birefringence from the liquid state is indicative of a liquid crystal to
isotropic clearing temperature.
The batonette-like optical texture, indicative of a smectic A mesophase, was
only observed by slowly cooling the material to 337°C and annealing. Repeating this
annealing procedure in the DSC, and subsequently heating the material results in the
observation of a distinct peak at 355°C. The observation of the optical batonette-like
texture and the observation of a new endothermic peak above the melting
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temperature and be,ow the Ceanng temperatute is evidence of a smec,,c A
mesophase. Therefore, it is beUeved tha, the 50B.50TB coPo,vmer ,s a crvstalUne
materia! that above its me,ung temperature possesses smectic A and nematic
mesophases.
Attempts to characters the different liquid crystalline states using WAXS
were predominantly inconclusive. The results of WAXS after different thermal
histories are shown m Table 6.4. The as-synthesized matenal had the most clearly
defined crystalline scattenng peaks. The quenched sample also possessed crystalline
scattering peaks. The inability to quench the matenal to an amorphous state,
preventing crystal formation, was the pnmary factor leading to inconclusive WAXS
results. The WAXS pattern of the sample treated with the thermal history that led to
the batonette-like optical texture, indicative of a smectic A mesophase, appeared to
have a more intense amorphous halo and appeared to lack the scattenng peaks
Characteristic of long range order. This type of scattering pattern may be indicative
of a material possessing lower degrees of order and consistent with the presence of a
quenched liquid crystalline solid. However, the presence of crystalline peaks
prevents a more conclusive analysis.
Annealing the copolymer at 290°C for three hours prior to WAXS analysis
also resulted in less distinct scattering peaks. The DSC analysis of a sample annealed
for 5 hours at 300°C under vacuum showed that the glass transition temperature
increased from 149°C to 157°C. The glass transition temperature is sensitive to
changes in the molecular weight and this increase may be evidence that solid state
polymerization has occurred. The appearance of less distinct peaks, without much
long range order, may be indicative of larger amorphous domains and consistent with
a molecular weight increase.
The thermal properties of this copolymer were also shown in Figure 6.26.
The copolymer appears to be sensitive to weight loss, most likely caused by
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degradation, at 400°C in a nitrogen environment. However, degradation did not
appear to significantly in flUence the thermal properties charactenzed by DSC after
annealing the copolymer at 400°C, and 300°C, respectively.
The thermal transitions as characterized by DSC of the 25BI/75TB copolymer
are shown in Figure 6.9. Only the first heat, as-synthesized, DSC trace shows a first
order transition. All subsequent heating and cooling data show only a second order
transition characteristic of the glass transition temperature. WAXS data of the
synthesized material shows weak, but distinct, scattering peaks indicative of
crystalline material. No birefringence was observed after the melting transition
any of the cooling curves. Therefore, it is believed that the 25BI/75TB copoly
a slightly crystalline material that does not display liquid crystalline characteristics.
The 25BI/75TB copolymer has a 177°C glass transition temperature. This
glass transition temperature represents the ultimate glass transition temperature of the
neat t-butylhydroquinone-based poly(aryl ether ketone) discussed in Chapter 2. The
high glass transition temperature and the high viscosity of the reaction mixture are
evidence of high molecular weight. The high molecular weight may have inhibited
attempts to thermally induced crystallization.
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Biphenol/Phenylhydroquinone-based Copolymers Discussion
75% Biphenol/25% Phenvlhvdronninone Cnnolvmer Discussion
The thermal transitions as characterized by DSC of the 75BI/25TB copolymer
are shown in Figure 6.10 and Table 6.5. The first heat data of the as-synthesized
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matenal had two very distinct endothermic peaks while the subsequent DSC heating
traces had a very broad transition with several peaks. The highest temperature peak
remained essentially constant. Optical microscopy showed that the material appears
to melt in the region of the lower temperature endothermic transition and a thread-
like texture appears thereafter, indicative of a solid to liquid crystal transition. The
thread-like birefringent optical texture in the liquid state is indicative of the nematic
mesophase. The birefringent texture began to decrease in intensity near 390°C and
had completely disappeared at 410°C. This behaviour is indicative of a liquid crystal
to isotropic clearing temperature, and the higher temperature transition is believed to
be a liquid crystal to isotropic transition.
Stirred opalescence could also be induced in this material. Shearing the gl
slides at temperatures ranging from 390°C to 370°C resulted in the formation of
thread-like texture that would disappear in less than one second, further evidence of
nematic mesophase. No evidence of smectic mesophase optical textures was
apparent.
Annealing the copolymer at 300°C under vacuum for five hours increased the
glass transition temperature from 149°C to 157°C. An increase in the glass transition
temperature may be evidence of an increase in the molecular weight that could have
been caused by solid state polymerization. The low viscosity of the liquid state and
the short relaxation times of the shear-induced thread-like texture is evidence that the
molecular weight of the copolymer is low.
It is believed that the 75BI/25PH copolymer is a crystalline material, where
the endothermic peaks below 390°C are associated with melting. The copolymer is
believed to possess a nematic mesophase above the melting endotherms which
becomes isotropic at temperatures greater than 410°C, and is characterized by the
endothermic peak at 390°C. The glass transition temperature of the copolymer can
be increased by annealing below the melting temperature under vacuum suggesting
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y solid-state polymerization may be occunin, The broad meltjng^ rf ^
bu, d. firs, heat data suggest that a very small te.perature wmdow between the
crys.al.ine meldng te.perature and the linu.d crystalline clearing tentperatute exists
Two 50BI/50PH copolymers were synthesized. The firs,, 50BI/50PH-A, was
synthesized using the same technique described in the synthesis section. A 0.97
difluorobenzophenone/dihydroxyl-moiety
mole ratio was used. The second
50BI/50PH copolymer, 5OBI/50PH-B, was synthesized with a 1.00
difiuorobenzophenone/dihydroxyl-moiety mole ratio. The results of the two
different systems were presented separately previously, and are discussed separately
below
50BI/50PH-A Discussion
The 50BV50PH-A copolymer has several first order transitions as shown in
Figures 6.11-6.16. Several optical textures were also characterized, Figures 6.17-
6. 19. Optical microscopy showed evidence of melting from 223°C to 240°C and the
material could be easily sheared at 257°C. It is believed that the initial endothermic
peaks from 190°C to 250°C are associated with melting.
The birefringent liquid that appears at temperatures above the melting point is
indicative of a liquid crystalline material. The endothermic peak centered at 331°C
and ending at 357°C is believed to correspond to the liquid crystalline to isotropic
transition temperature. The birefringence is observed to decrease and finally
disappear within this range of temperatures indicative of a clearing temperature.
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Two dramatically different optical textures, Figures 6,7 and 6,9 are
nesultant six-fold symmetry, star-like structure, is indicative of the smectic G
mesophase nucleated from the nematic mesophase- Figure 6,9 results from
cooling the isotropic liquid from 400°C at 100°C/min. to 290°C. The plate-like
optical texture is indicative of the smectic B mesophase.
The smectic G and smectic B mesophases are liquid crystal mesophases with
high degrees of order. The smectic G phase has a C-centered monoclinic cell, the
molecules having a pseudo-hexagonal close packing; in the plane at right angles to a
tilt direction, this close packing arrangement is of the hexagonal kind- The
structure of the smectic B is similar to that of the smectic G mesophase except the
packed molecules do not possess a tilt direction. The highly ordered structures lead
to materials that are very difficult to shear, and this phenomena was observed.
The nematic mesophase is most easily observed upon cooling. Slowly
cooling the isotropic liquid leads to the formation of regions of thread-like optical
textures, indicative of the nematic mesophase. The 321°C onset temperature of the
313°C shoulder peak is believed to be associated with the isotropic to nematic
transition. The large peak at 305°C is believed to be associated with the formation of
the smectic G phase as nucleated by the nematic mesophase. The peak at 293°C in
the cooling data is believed to be associated with the smectic G to smectic B
transition.
The first heat DSC data of the sample quenched from the isotropic state,
Figure 6,5 shows that the copolymer is not trapped in an amorphous state.
Crystallization does appear to be occurring upon heating but the magnitude of the
crystallization exotherm is less than that of the melting endotherm, evidence that
crystals existed prior to the heating trace. However, quenching the sample after
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slow* coolmg lt t0 303»C a„d annealing for two hours^ , ^ ^
crystal fon.at.on, Ftgure 6. 16. The exothenn present at ,59°C is believed to be
transition and is beiieved to be the smectic B to stnecttc G trans.tion.
Table 6.6 lists the WAXS peaks associated with this material after several
drfferent thermal histories. The annealed samp.e had the most observable scattering
peaks and the smallest amorphous halo. The WAXS pattern of the as-synthesized
material and the material quenched from 400°C had simtlar patterns except fewer
peaks were apparent and the magnitude of the amorphous halo appeared to be
slightly greater. The most tnteresttng WAXS pattern was that of the 303°C annealed
sample that was quenched. The DSC data of this sample showed that >t was
amorphous but the WAXS data shows that is still possess strong scattering peaks,
similar to those of the annealed sample. These peaks are indicative of the high
degrees of order associated with the smectic G structure. The scattering peaks
associated with long range order were, however, absent and the magnitude of the
amorphous halo was much greater, indicative of a material having less order than the
crystalline state.
The electron diffraction data, Table 6.7, shows that the unit cell of the
crystalline material is hexagonal in nature. Therefore, the major WAXS peaks of the
crystalline material, Table 6.6, should also correspond to peaks caused by
hexagonally packed scattering. The WAXS pattern of the amorphous 303°C
annealed sample maintained the major scattering peaks nearly identical to the
scattering peaks of the hexagonally packed crystalline material. These peaks most
likely are caused by scattering due to hexagonal packing, similar to the crystal
structure, and are further evidence of the smectic G mesophase.
While the crystalline, smectic B, smectic G, and nematic states are believed to
have been observed, other first order transitions in the DSC data exist and have not
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been identified. These npahm, un peaks may be associated with less orrWeH *™1 ChS aered smectic states such
as smecric A or smectic c
,
or *ey may be re,a,ed «o polydisPers,,y effccIS
The molecular weigh, of
.his sample is not known, b„, element analysis
~*. for fluonne end-up concen,rauo„, the v.scosi.y of me ,soTOpic liquid, and
he low, 1 12'C, glass fraction temperature suggests that this materia, has a low
modular we.gh, Annealtng this sample at 300°C and 400°C did no, s.gnificantiy
change ,he DSC mmsitions suggesting ,ha, ,he ma,erial did no, increase significant
m molecular weigh, or significantly degrade. However, the degradation onset
temperature of this material is .ess than the other analogs in the BI/PH copolymer
family.
50BI/50PH-B Discussion
The synthesis of a 50BI/50PH copolymer based on a stoichiometric ratio of
fluorine and hydroxyl groups led to a copolymer with different thermal properties
than those discussed above. The glass transition temperature of the 50BV50PH-B
copolymer was 166°C, significantly larger than the 50BI/50PH-A glass transition
temperature and indicative of a higher molecular weight. Elemental analysis for
fluorine end-group concentration was also significantly less, further suggesting that
this material has a higher molecular weight. The melting transition appeared to
occur at 339°C, and only a thread-like optical texture, indicative of the nematic
mesophase was apparent. The thread-like birefringence began to darken at 361°C
and was absent at 393°C, indicative of a clearing temperature.
The melting temperature of this copolymer is greater than the smectic G and
smectic B transitions that were believed to be observed in the 50BI/50PH-A
copolymer and, hence, the entropy at these temperatures is believed to be too large to
allow for the formation of the high order smectic states. In addition, the higher glass
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tuition temperature, indicative of a Mgher mo]ecuiar wdght^
state mobiUty, tnay be preventing the mo,ecu,ar motio„s required «o achieve the
h.gher order snrectic sta.es. No optical ev.dence of iower order stnectic states was
observed.
The 50BI/50PH-B copolymer appears to be a CIystalline matenal with a
nematic mesophase. Upon cooling stirred opalescence could be induced. The
thread-like texture could onented at 330°C. The cooling exotherm at 290°C is
believed to be assodated with crystallization and it corresponds to the temperature
where the sample could no longer be sheared.
The other interesting characteristic of the 50BI/50PH-B copolymer was the
influence of annealing. Figure 6.25 shows the result of isothermally holding the
copolymer at 400°C in a nitrogen environment for two hours. The sample initially
loses about 0.5% by weight in the first half hour after which time the weight loss
does not significantly increase. The mechanical properties of the sample after the
400°C, two hour isotherm, were excellent. The 16 mg sample could be struck with a
hammer and not fracture. This is in stark contrast to previous samples that did not
have any mechanical integrity. The fluorine content after the 400°C, two hour
isotherm, was also 32% less than the fluorine content of the as-synthesized material,
indicative of further polymerization and consistent with an increase in the mechanical
integrity.
The reaction of a stoichiometrically equivalent amount of dihydroxyl and
fluorine end-groups appears to have resulted in the synthesis of a higher molecular
weight copolymer, initially, and results in a material that can further react in the melt
state to produce even higher molecular weights. The copolymer also appears to be
thermally stable at the 400°C melt temperature in the presence of nitrogen, as shown
by Figure 6.25. This evidence suggests that melt polymerization may be a method to
obtain copolymers of this structure with high molecular weights.
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The heating and cooling DSC
<n Figure 6.24. No first order transitions, indicative
traces of the 25BI/75PH copolymer are shown
transitions are apparent. The copolym
of melting or liquid crystalline
er appears to be amorphous and the absence of
b.efnngence is further evidence to support this observation. The low fluonne
content, determined by elemental analysis, the high viscosity of the reaction tnixture
and the 1 65*C glass transition temperature are evidence that the polymer has a hlgh
molecular weight The glass transition temperature is similar to the glass transition
temperature of the 50BI/50PH-B copolymer, suggestmg that the molecular weight of
the previous material may also be relatively large.
Weight Loss Properties Discussion
uinone
one is
The onset degradation temperatures, as determined by thermal gravimetric
analysis in the presence of air, are shown in Tables 6.8 and 6.9. The onset
degradation temperatures of the biphenol/phenylhydroquinone based copolymers are
greater than the onset degradation temperatures of the biphenol/t-butylhydroq
based copolymers. The aromatic nature of the phenyl substituted hydroq
believed to be responsible for the increased thermal stability. The aliphatic t-butyl
side group most likely degrades at lower temperatures into a variety of radical
species that further induce main chain degradation.
The weight loss associated with the 400°C isothermal experiments, Figures
6.25 and 6.26, further show that the t-butylhydroquinone-based copolymers degrad
more readily than the phenylhydroquinone-based copolymers of equivalent
me heating and cooling DSC traces of the 25BI/75PH copolymer are shown
in Figurc 6.24. No first order transitions, indicative of melting or liquid crystalline
transitions are apparent. The copolymer appears to be amorphous and the absence of
birefringence is further evidence to support this observation. The low fluorine
content, determined by elemental analysis, the high viscosity of the reaction mixture,
and the 165°C glass transition temperature are evidence that the polymer has a high
molecular weight. The glass transition temperature is similar to the glass transition
temperature of the 50BV50PH-B copolymer, suggesting that the molecular weight of
the previous material may also be relatively large.
Weight Loss Characteristics Discussion
The onset degradation temperatures, as determined by thermal gravimetric
analysis in the presence of air, are shown in Tables 6.8 and 6.9. The onset
degradation temperatures of the biphenoVphenylhydroquinone based copolymers are
greater than the onset degradation temperatures of the biphenol/t-butylhydroquinone-
based copolymers. The aromatic nature of the phenyl substituted hydroquinone is
believed to be responsible for the increased thermal stability. The aliphatic t-butyl
side group most likely degrades at lower temperatures into a variety of radical
species that further induce main chain degradation.
The weight loss associated with the 400°C isothermal experiments, Figures
6.25 and 6.26, further show that the t-butylhydroquinone-based copolymers degrade
more readily than the phenylhydroquinone-based copolymers of equivalent
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substituted hydroquinone content. The aromatic nature of the side group is again
believed to be responsible for the differences between the two systems.
Mechanical Properties Discussion
The properties of five samples were evaluated after a 30 minute 400°C
isothermal heat treatment. Four samples, 75BI/25TB, 50 BI/50TB, 75BI/25PH and
50BV50PH-B were prepared by compression molding. The samples were initially
pressed at 200°C to facilitate powder compaction. After heat treating under 1200 psi
pressure at 400°C in the melt state, the samples were very slowly cooled under
pressure to room temperature. The BI/TB copolymers were both very brittle and
appeared to have degraded. (The 50BI/50PH-A copolymer was found to be very
brittle after a 400°C heat treatment not involving compression molding.) The BI/PH
copolymers were brown and may have also degraded. The 75BI/PH copolymer had
some mechanical integrity but fractured while being removed from the mold. The
50BI/50PH-B copolymer appeared to be quite strong as it withstood forceful efforts
to remove it from the mold. (It adhered very well to the stainless steel mold and the
polyimide coating sheets.)
Unfortunately, the 50BI/50PH-B copolymer sample contained many voids. A
flexural modulus of 1.7 GPa was determined by three-point bend measurements.
Figure 6.26 shows the dynamic mechanical properties of a second molded
50BI/50PH-B copolymer sample that contained more voids. The low storage
modulus is indicative of the high void content. A 177.5°C loss modulus transition
peak is evident. The material appears to soften about an order of magnitude after
passing through its glass transition temperature. However, a storage modulus of
about 100 MPa is retained in the rubbery- state up to temperatures approaching the
melting point. A more crystalline 75BI/25PH copolymer with an adequate molecular
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weigh, wou,d be expected to have suffer nthher-state propels. The mechanica,
ntegnty associated w.th the 50BI/50PH-B copoiytner is indicative of an increased
molecular weight.
Potential Applications Discussion
The results of this chapter and subsequent discussion of the observed
properties are intended as an initial investigation into the feasibility of synthesizing
novel thermotropic liquid crystalline Poly(aryl ether ketone)s. The initial results
appear to suggest that liquid crystalline poly(aryl ether ketone)s can be achieved.
Copolymers based on 50% and 75% biphenol mesogen resulted in materials with
liquid crystalline characteristics. Copolymers containing 25% biphenol mesogen did
not appear to be liquid crystalline, and the 90BI/10TB copolymer appeared only to
be crystalline.
Commercial interest in thermotropic liquid crystalline materials, like aromatic
polyesters are the result of low melt viscosities associated with the nematic state and
the ability to blend these to aid processing and mechanical properties 17418*. Because
these properties are desirable and used in polyester applications, it is believed that
this same type of usage could be reproduced for aromatic poly(aryl ether ketone)
materials. In addition, these unique systems also appear to be thermally stable and
liquid crystalline at the processing temperatures used for commercial poly(aryl ether
ketone)s. Below is a description of potential applications for these novel
copolymers.
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Potential ^Blkatiana; Hieh Pi-rfnrmnm i Th,^TO |aitin
most
s
High performance engineering thermoplastic applications would be the
obvious use for the novel thermotropic liquid crystalline poly(aryl ether ketone)
discussed in this chapter. The need for hlgh performance materials with specific
properties is ever increasing and the liquid crystalline characteristics of these
copolymers allows for the tailoring of unique properties. While the technique used
to synthesize the copolymers of this chapter resulted in predominantly low molecular
weight materials, alternative techniques have been developed and are used
commercially to synthesize semi-crystalline poly(aryl ether ketone)s of high
molecular weight". While these routes have not been explored in this research, it is
believed that the monomers used above in the synthesis of the thermotropic liquid
crystalline poly(aryl ether ketone)s would be applicable.
Because these materials are crystalline and very similar in chemical structure
to PEEK and PEKK, their mechanical and solvent resistance properties are also
expected to be similar and, therefore, attractive for high performance applications.
The glass transition temperatures of the thermotropic liquid crystalline copolymers
are also slightly higher than PEEK and acceptable for high performance applications.
The thermotropic liquid crystalline nature of the melt state is the unique quality of
these materials and should result in lower melt viscosities. Lower viscosities would
facilitate the processing of these very difficult to process polymers and also improve
their respective wetting characteristics. In addition, the thermotropic liquid
crystalline nematic state could be oriented and quenched, resulting in improved
mechanical properties in the direction of orientation, where desirable. Improved
processing characteristics and the ability to engineer unique mechanical properties
into tough, solvent resistant, high performance engineering thermoplastics is the most
promising application for this family of copolymers.
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Another potential application for these copolymers would be as processing
aids for high performance engineering thermoplastics. It is known that the addition
of 5- 10% of a thermotropic liquid crystalline material in the nematic state reduces the
melt viscosity of an isotropic thermoplastic dramatically 1^,^. The popular high
performance engineering thermoplastics, PEEK and PEKK, are examples of isotropic
thermoplastics with high melt viscosities and extremely high processing
temperatures. The nematic state temperature ranges of the copolymers discussed in
this chapter are believed to be in the range of processing temperatures used for PEEK
and PEKK. Therefore, the addition of the above copolymers to PEEK or PEKK
should result in blends where the added component possesses a nematic state in the
melt. If these systems are similar to other thermotropic liquid
crystalline/thermoplastic blend systems lower melt viscosities would be expected.
Potential Applications: ReinforcinP AppiiK
Another potential use for thermotropic liquid crystalline polymers is as
reinforcing agents in thermoplastic applications. The addition of 10-20% oriented
liquid crystalline material to thermoplastics is believed to improve the mechanical
properties of these systems in the direction of orientation 179181 . The thermotropic
liquid crystalline nematic mesophase of the copolymers discussed in this chapter are
believed to exist in the processing temperature range of PEEK and PEKK. The
addition of 10-20% of the thermotropic liquid crystalline copolymers of this chapter
to these systems, and subsequent orientation of the nematic states during processing
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could
—* in reinforced po,ymer Mend, Improved^ „ ^^ rf
Improved mechanical propert.es through ,he addition of reinforcing agents
can only be atta.ned if adequate adheston between the two different components is
achteved. Good adhesion assures the transfer of stress between the isotropic primary
component and the oriented minor component. The simUarity of the crysta.li.tion
emperature, crystal structure, and chemical nature of the copolymers of this chapter
and, PEEK and PEKK, may result „ Wend systems with Inherently good adhesive
characteristics.
The thermotropic liquid crystalline nature of these copolymers could also be
applied to fiber and film applications. As has been stated previously, the nematic
mesophase can be highly oriented in the melt state. Spinning the thermotropic liquid
crystalline nematic state into fibers should result in highly oriented high performance
fibers The properties of theses fibers should be exceptional in the direction of
orientation. In addition, these fibers should possess the desirable solvent resistance
properties similar to that of PEEK.
Fibers based on oriented nematic liquid crystalline polymers typically possess
excellent mechanical properties in the direction of orientation but their transverse
mechanical properties are generally quite poor. This is attributed to the one-
dimensional (fiber direction) orientation. The observed smectic A mesophase has
two-dimensional order. Therefore, the opportunity to spin fibers with two-
dimensional order may exist. If the viscosity of these copolymers can be overcome,
and two-dimensional order achieved, fibers with excellent fiber direction and
transverse properties may result.
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Similarly, unique films could also be attained. Processing these polymers in
either the nematic or smectic A mesophase could result in films with desirable
properties. The exploratory nature of this effort has prevented the further
investigation of the morphology/property relationship of these systems.
The properties discussed in this chapter are based on data taken from the as-
synthesized materials, and materials subjected to a variety of thermal histories. The
exact molecular weight of these materials is not known. While an excess of the
difluorobenzophenone monomer was used in an attempt to control the molecular
weight and ensure fluorine endcapping, the crystallization of the polymer from the
reaction solvents was found to be the limiting factor in determining the molecular
weight. Therefore, while the fluorine content may be an estimate of the molecular
weight, the crystallization phenomena most likely prevents complete fluorine
endcapping.
A consequence of the low molecular weight is the low viscosity that was
observed above the melting point. The low molecular weight oligomers were found
to be easily sheared. The mechanical properties of the copolymers were also found
to be quite poor and probably attributable to the low molecular weight. However, it
was found that isothermally heat treating some of the copolymers at 300°C for long
times, or at 400°C for short times, that the glass transition temperature increased, and
the fluorine content decreased, indicative of further polymerization and the liberation
of HF, a by-product of polymerization. The mechanical properties of the
50BI/50PH-B system were, in particular, observed to change from a brittle glass
before the 400°C isotherm to a very tough polymer after the 400°C isotherm.
363
n. sabaity of^ copolymers was^ shown [o
77 " 18 'hat "— «•- MymenZed from iow
'
mechanical applications. The low viscositv of th* ry the oligomenc state is desirable for
processmg variabies, w.thout degradation, couId^^^ ^
be reactiveiy processed.
is believed tha, the entangiement number average molecular we
_ght rf^
copoiymers is about ,0,000.
,, ,s aiso known that englneenng ^
number average molecular weights ranging from 1Sj000 . 25m^ ^
the desired combination of processing and mechamcal characteristics. Therefore it
is believed that synthes, zl„g a 7000 number average molecular weight oligomer with
a stoichiometric ratio of reactive end-groups could ,ead to a polymer that initially has
a low viscosity, facilitating processing and wetting, and tha. can be teacted during
processing to molecular weights where exceptional mechanical properties are
achieved. The process of increasing the number average molecular weight of the
oligomers of this chapter from a low viscosity 7000 Mn to a desirable 21,000 Mn
would involve the liberation of 0.2% HF by weight. HF is an undesirable by-
product. The chemistry could easily be changed to result in HC1 liberation, or ideally
a ring-opening end-group, resulting in no by-product, could be found.
Chanter Qanluajflna
This chapter summarizes the exploratory research that was conducted to
determine if thermotropic liquid crystalline poly(aryl ether ketone)s could be
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synthesized. A technique based on incorporating a known Bqaid crystalline
nresogemc u„it
,
blphe„y ,, Wlth myd[myl functionaliiy>^ a^
substituted,
-buty, or phe„ yl
, hydroquinone wi[h4,4^^^^^
pursued. Two families of copolymers; a b,phenol/t-bu,yl„ydroquinone series of
90%, 75%, 50%, 25% and 0% bipbenol, a„d . bipheno.pben^oouinone series
of 75%, 50%, 25%, and 0% were synthesized and evaiuated. The synthetic route
followed the procedure discussed in detail in Chapter 2.
Thermotropic liquid crystalline behaviour was ohserved in the 75BI/25TB
50BI/50TB, 75BV25PH, 50BI/50PH-A, and 50B1/50PH-B copolymers. The firs/
order and second order transitions associated with melting, crystallization, liquid
crystal mesophases, and glass transition temperatures of each copolymer were
investigated. Thermal transitions were correlated with optical microscopy, and x-ray
and electron diffraction was used to further characterize some of the materials. It
was ohserved that the glass transition temperature increased and fluorine content
decreased after isothermal experiments, indicative of further polymerization.
Potential applications including; engineering thermoplastics, processing aids,
reinforcing agents, fihers, and films were also discussed. A method for reactively
processing these systems from a desirable low viscosity oligomeric state to a high
molecular weight material was also presented. These materials are believed to be the
first known thermotropic liquid crystalline poly(aryl ether ketonejs.
CHAPTER VII
CONCLUSIONS AND FUTURE WORK
Introrii|ftiftn
This chapter is the final chapter of the dissertation. The major conclusions of
the research are first summanzed. The conclusions are presented in the same order
in which they were discussed within this work. A second section discusses ldeas for
future work. Ideas based on continuing the research into the thermoplastic/thermoset
research as well as ideas for continuing the research into the novel thermotropic
liquid crystalline poly(aryl ether ketone)s are presented.
Dissertation Conclusions
The primary objective of this research project has been to develop a
comprehensive understanding of the influence of reactive engineering thermoplastic
oligomer modification of high performance epoxy/amine resin systems. The drive to
incorporate ductile engineering thermoplastics into brittle high performance epoxy
resins is motivated by the desire to improve the toughness of epoxy resins without
lowering their modulus and glass transition temperature. Because engineering
thermoplastics have inherently high glass transition temperatures, moduli, and
toughness, it was hoped that the incorporation of these systems into commercial
epoxies would result in tough, easy to process, high performance resins. The ability
to combine the properties of engineering thermoplastics with thermosets is largely
dependent on the solubility of the thermoplastic with the thermoset.
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Our laboratory has focused on synthesizing reactive thermoplastic oligomers
of controlled molecular weight and reactive functionality for incorporation into
epoxy resins. These materials have the ability to be processed without the aid of
solvents, because of their low molecular weight and favorable solubility parameters,
and the reactive end-groups allow for covalent bonding between the thermoplastic-
rich and the thermoset-rich phases resulting in excellent adhesion. Research in our
laboratory has shown that using reactive thermoplastic oligomers based on amine-
terminated poly(aryl ether ketone) derivatives incorporated into commercial epoxy-
amine resins resulting in thermoplastic-rich continuous phase morphologies, have
toughness properties approaching that of the neat engineering thermoplastic.
The use of thermoplastic/thermoset reactive oligomers and blends represents
an opportunity to combine the advantageous properties of thermosets; processability
and temporal stability, with the advantageous properties of thermoplastics; toughness
and solvent resistance, into hybrid materials. The large number of important
variables in these systems including; chemical structure of the oligomer, oligomer
loading level, oligomer molecular weight, epoxy/amine resin system, phase
separation, and processing technique, makes these systems very interesting. The
contents of the thesis and the important observations and conclusions are discussed
below.
Chapter 1 was an introductory chapter reviewing relevant literature and
defining the goals of the project. Because a large amount of the published research
in the field of thermoplastic/thermoset polymer systems has been presented at various
technical conferences an in-depth understanding into the details of many of these
materials has not been presented. One of the main objectives of this research was to
develop an understanding of these systems and determine the variables that most
influence their structure-property relationships. In particular, the research focuses on
reactive poly(aryl ether ketone) thermoplastic oligomers, based on substituted
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hydroquinone, Nearly al, of the wo* i„ che field of reactive thermoplastic
ohgomer/therntose, systems has focused on po.y^l ether su,phone) derivatives
Wtth the exception of the wo* done in our laboratory, no wo* has heen puh.ished
,n the field of mermoplastic/thermose, systems hased on substituted hydroquinone-
based po.yfary. ether ketone)s. Therefore, these polymers, where the molecular
weight and the stde group of the hydroqumone can be changed, were the system of
choice.
Chapter 2 detailed the synthetic route that was used to synthesize the
poly(aryl ether ketone)s of this effort. Three different poly(aryl ether ketone)s;
methylhydroquinone-based poly(aryl ether ketone), t-butylhydroquinone-based
poly(aryl ether ketone), and phenylhydroquinone-based poly(aryl ether ketone), were
synthesized. A range of controlled molecular weights of each derivative was
synthesized. The thermal transitions and spectroscopic characteristics were
determined for the three different substituted poly(aryl ether ketone) derivatives.
The methylhydroquinone-based poly(aryl ether ketone) was the only oligomer with
crystalline characteristics.
Chapter 3 is the most substantial chapter of the dissertation. It is broken into
four main subsections; experimental, low molecular weight-based reactive
thermoplastic oligomer/thermoset systems, intermediate molecular weight-based
reactive thermoplastic oligomer/thermoset systems, and high molecular weight-based
reactive thermoplastic oligomer/thermoset systems. The structure/property
/processing relationship of each systems was established and related to their
respective morphologies.
The low molecular weight-based reactive thermoplastic oligomer/thermoset
systems were found to be the most easily processable. All of the substituted
poly(aryl ether ketone) derivatives were soluble in the commercial epoxy resin and
processable. The fracture resistance of these systems was found to be proportional to
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•he average molecular weight between crosslinks of the continuous phase as
morphology and its influence on the thermal anH m„uuii m n i d mechanical properties of the
modified resin.
TTie intermediate molecular weight-based reactive thermoplastic
oligomer/thermoset resin systems possessed the highest fracture energies. The
increased molecular weight between crosslinks of the continuous phase was
attributed to the increased fracture resistance of these systems. The increased
thermoplastic oligomer molecular weights, however, resulted in poorer processing
characteristics. The systems maintained viscosities low enough to allow for resin
casting but were greater than the viscosities observed in the low molecular weight-
based systems. THe methylhydroquinone-based poly(aryl ether ketone) thermoplastic
oligomer was insoluble at these increased molecular weights.
The high molecular weight-based reactive thermoplastic oligomer/thermoset
resins were nearly impossible to process without the aid of solvents. The high
molecular weights resulted in high viscosity thermoplastic/epoxy mixtures. The 4,4'-
diaminodiphenylsulfone crosslinking agent was not soluble with the high molecular
weight thermoplastic oligomer/epoxy mixture, and a less polar, 4,4'-
diaminodiphenylmethane curing agent was used. The incorporation of low loading
levels of thermoplastic, however, resulted in large improvements in the fracture
resistance.
Chapter 4 analyzed the gelation/vitrification/phase separation phenomena of
the thermoplastic/thermoset resin systems. The technique of impulse viscoelasticity
was used to determine the gelation and vitrification characteristics of different
thermoplastic oligomer loading levels as a function of the curing temperatures. The
phase separated morphologies were characterized by transmission electron
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microscopy a„d the lnfluence of the cure ^ fc^
shown.
Chapter 5 discusses the influence of several parameters important for
composite applications mclndmg; adhesive charactenstics, the effect of volumetric
constrain, during cure, and the tnfluence of carbon fiber mcorporation on the phase
separated morphology. The volumetric constramt experiments a* initially discussed
and the effect of hydrostatic pressure and tension on these materials is shown The
thermoplastic oligomer modified thennose, resins did not catastrophically fail under
hydrostatic tenston in the volumetric constram, experiments. An examination of the
tesins after the volumemcally constrained experiments showed that the
thennoplastic-rich phase appears to cavitate. It was postulated that the cavitation
locally relieved the volumetric constraint and allowed other straining mechanisms to
occur.
The morphology of the thermoplastic/thermoset resins was also observed in
the vicinity of a carbon fiber. It appeared that the thermoset-rich phase preferentially
wet the carbon fiber. The effect of this phenomena on the adhesion between the fiber
and the matrix is not known. However, because of the inability to microtome a fiber-
containing transmission electron microscopy sample, it was speculated that a
decrease in adhesion may be occurring
.
The final experimental chapter of the dissertation, Chapter 6, details research
conducted to create a new family of high performance thermotropic liquid crystalline
poly(aryl ether ketone) copolymers. Because easily processable materials are of
great interest and, as was discussed in the thermoplastic review section of Chapter 1,
the processing temperature and viscosity of commercial poly(aryl ether ketone)s are
extremely large, it was decided that the synthesis of thermotropic liquid crystalline
poly(aryl ether ketone)s would be of significant interest. These materials could
potentially be used as low viscosity high performance thermoplastics, processing aids
or re,nforci„g agents in blend apphcations. The thenna,, optical, and spectroscopic
properties of two families of copolymers, a biphenol/pnenylhydroqutnone-based
poly(aryl ether ketone), and a biphenolA-butylhydroqutnone-based poly(ary. ether
ketone), were discussed. Liquid crystalline mesophases were observed in
copolymers contatning 75% and 50% btphenol. Thermal transitions observed by
DSC were correlated with optical textutes and x-ray or electron diffraction data
where relevant.
Future Wor fr
The previous section defined the major accomplishments of this dissertation.
At present a sound fundamental understanding of amine-terminated poly(aryl ether
ketone) reactive thermoplastic oligomer/thermoset resin systems, which offer high
glass transition temperatures, thermoplastic-like toughness and solvent resistance,
while maintaining conventional epoxy-like processing characteristics, has been
achieved. This section discusses methods of expanding this research and applying it
towards carbon and glass reinforced composite materials through conventional and
novel processing methods, determining the adhesive characteristics of these systems
to a variety of substrates, developing higher glass transition temperature reactive
thermoplastic oligomers for epoxy resin modification, and investigating novel
thermotropic liquid crystalline poly(aryl ether ketone) thermoplastics. A wide
variety of novel and interesting questions remain unexplored. Presented below are
several ideas associated with the work presented in the previous chapters that may be
of interest to future researchers in this area.
High performance composite applications are one of the most promising
potential uses for the novel thermoplastic/thermoset hybrid materials. Reactive
thermoplastic oligomer modified epoxy/amine resin systems and their unique
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morphology/property relationships potentially allow for the formation of three
unique fiber reinforced composite systems; a thermoplastic toughened epoxy resin, a
mixed continuous phase thermoplastic/thermoset system, and a thermoplastic-rich
continuous phase morphology material with thermoset-rich inclusions. An
investigation into the properties of composites made of these materials would be of
considerable interest.
An understanding of the translation of resin properties to composite systems
could be achieved and an opportunity to determine the parameters that most
influence the failure mechanisms of these multi-phase composite systems could be
pursued. This knowledge would lead to a better understanding of the important
parameters necessary to achieve tough composites from tough matrix resin materials.
The fabrication of composites through both solvent-based and resin-transfer-
molding, (RTM), processes would be of interest. The effects of solvent processing
on the wetting behaviour, as well as the mechanical properties, would be of
significant interest. The effect of high pressure processing on the impregnation of
carbon fiber based composites would be another interesting area to pursue in the
interest of attaining composites with improved mechanical properties.
All of the reactive thermoplastic oligomer modified systems investigated in
this research have been based on poly(aryl ether ketone)s. It was discussed in
Chapter 1 that research elsewhere into poly(aryl ether sulfone)s indicated that the
toughest resins were achieved when a mixed continuous phase morphology was
attained. The research of this dissertation has shown that the toughest systems are
based on thermoplastic-rich continuous phase morphologies with large molecular
weights between crosslinks. The nature of the discrepancy between the results of
reactive poly(aryl ether sulfone) oligomer modified resins, and reactive poly(aryl
ether ketone) oligomer modified resins may be caused by; phase separation
mechanisms, thermoplastic main chain mobility, interphase bonding, or processing
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characteristic,
,t would be of interest to synthesize and evaluate a reacdve t-
buty.hydroquinone-based poly(ary, ether sulfone) oligomer incorporated into an
E828-DDS resin. TTre only difference between this system and the t-
butylhydroquinone-based poly(aryl ether ketone) modified systems of Chapter 3 is
the sulfone linkage. It is believed that an evaluation of the mechanical properties of
such a system would shed considerable light on the observed toughness value
discrepancy.
The glass transition temperature of the toughest reactive poly(aryl ether
ketone) modified resin systems was about 170°C, Chapter 3. Higher glass transition
temperatures could be achieved through using chemically different reactive
thermoplastic oligomer systems. Poly(ether imide)s are known to be soluble in
commercial epoxies and possess very high, 220°C, glass transition temperatures.
Using these materials as reactive thermoplastic oligomer modifiers would be
interesting. They could potentially offer the unique characteristics of poly(ether
imide)s while maintaining the processing characteristics of thermoset materials.
The research of Chapter 4 characterized the phase separation, gelation, and
vitrification behaviour of reactive poly(aryl ether ketone) oligomer modified epoxy-
amine resins containing 16%, 24%, and 32% reactive oligomer, by weight. While a
qualitative summary of the occurrence of phase separation, gelation, and vitrification
was achieved, a quantitative understanding of the phase separation process was not
pursued. The influence of surface tension, the mechanism of phase separation, and
the resulting mechanical properties would be interesting areas to investigate.
Chapter 2 briefly discussed the influence caused by the chemical structure of
the different side groups on proton splittings. An in-depth understanding of these
splittings would be of interest. The influence of other side groups such as amines or
sulfones would be relevant to research elsewhere.
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Further determining the relationship of the molecular weight between
crosslinks and the critical stress intensity factor and the glass transition temperature
of the thermoset-rich phase, as discussed in Chapter 3, is another potential area of
research. Evaluating resins based only on a reactive thermoplastic oligomer of
known molecular weight and an epoxy would yield such information. This
information would be very useful in verifying the observed linear relationship
between the critical stress intensity factor and the average molecular weight between
crosslinks of the continuous phase as shown in Chapter 3.
Finally, the initial work into novel thermotropic liquid crystalline poly(aryl
ether ketone)s, Chapter 6 offers many potential ideas for future research. Because
liquid crystals of this nature have not been previously reported, much fundamental
work can be accomplished. The most interesting initial research would be in
determining the mechanical properties and processing characteristics of high
molecular weight derivatives of these systems. It has been speculated that the
mechanical properties of these copolymers will be similar to engineering
thermoplastics such as poly(ether ether ketone), PEEK, and poly(ether ketone
ketone), PEKK, with processing characteristics like thermotropic liquid crystalline
aromatic polyesters. A verification of this combination of properties would be
extremely exciting.
The further examination of the high order liquid crystalline smectic states
observed in the biphenol/phenylhydroquinone copolymer would be another
opportunity for future research. The smectic G mesophase is rare and the
observation of this state in these copolymer systems seems improbable. However,
the experimental evidence appears to confirm this observation.
Using a different synthetic route to synthesize high molecular weight
copolymer systems, preventing premature crystallization, would be of considerable
interest. Again, the thermal, mechanical, and processing characteristics of these
374
materials would be very inreresting. Determmmg if^ systems^ be
reactive.y processed from
.he oligomer* state to high mo.ecular weights would also
be .nesting. As discussed in Chapter 6, the mcorporation of these materials as
processing atds or re.nforcing agents in PEEK or PEKK matrix res.ns is another area
of interest. The properties of fibers or films, based on these materials, i, another
unique potential application.
resin
Future wftr|i Coflfluaona
The above ideas for future work offers the opportunity to expand the
knowledge of a series of novel reactive thermoplastic oligomer/thermoset
systems and a series of unique thermotropic liquid crystalline poly(aryl ether ketone)
copolymers. Both of these systems have been shown to possess interesting
properties. Applying this research towards composite structures and important
processing and mechanical variables will potentially lead to a better understanding of
the parameters necessary to attain optimal high performance composites. The further
development of these unique materials offers considerable scientific and commercial
promise.
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